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ABSTRACT 
 
This research project proposes a novel approach to the integral inspection of historical structures 
consisting on the conjoint exploitation of the thermographic and the geometric information 
contained in the images aimed at the quantification of the thermographic inspection through the 
measurement of areas and lengths. This approach would allow, for example, the measurement of 
heat lost in a region with an insulation flaw, or the length of a crack in the structure ignored 
when subjected to visual inspection. 
The introduction of geometric information in the thermographic survey can be done by resorting 
to geomatic techniques, either through the application of photogrammetry principles to the 
thermographic images themselves or through its combination with information acquired through 
laser scanning. The use of geomatic techniques for the documentation of historic structures is 
justified by their capacity of representing the as-built reality with accuracy and detail; while the 
validity of infrared thermography for the inspection of the as-built condition of any structure has 
been widely tested by its capacity of detecting both thermal faults such as air infiltrations, 
thermal bridges or humidity areas, and defects associated to the structure as cracks, voids and 
delamination. 
Several methodologies for the integral inspection of historical structures, mainly focused on 
buildings, using a combination of geomatic and thermographic techniques have been developed 
and tested in this thesis. The results of the proposed methodologies validate the employment of 
geomatic techniques as accurate and complete tools for the geometric survey of as-built 
structures together with the use of infrared thermography for the analysis of their condition 
state: three approaches for the generation of thermographic 3D models and their associated 
orthothermograms, or rectified images directly from thermographic images by applying the 
principles of terrestrial photogrammetry; one methodology for the fusion of thermographic 
images with geometric data from a laser scanning point cloud, whose evolution towards 
automation is also shown in this thesis. Furthermore, a methodology to enable the exploitation 
of the geometric information available in thermographic images is presented through the design 
and manufacturing of a special geometric calibration field. 
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Introduction 
 
 
 
 
        INTRODUCTION 
 
 
 
The work developed in this PhD project is a continuation of the research project already developed 
for gaining the degree of Mining Engineer, entitled “Geomatic-thermographic survey of façades 
in modern architecture: acquisition and registration of thermographies and laser scanning point 
clouds” where the first steps towards 3D thermography were taken. It was followed by the Master 
Thesis “Metric calibration of thermographic cameras and its application to energy efficiency in 
buildings” which constituted the beginning of the pre-doctoral research. What is more, it was 
awarded by a Prize from the Provincial Council of Pontevedra for Novel Researchers (published 
in BOP, April 17th, 2012).  
In order to start justifying the choice of this research project, it should be remarked that cultural 
heritage provides high-value structures, which show the evolution of the way of life and the 
history of the modern societies. One example can be historic infrastructures, consolidated as key 
elements for the displacements of people, as well as allowing their economic and cultural 
progress. Another example are historic buildings, which usually give a distinctive aspect to their 
environment while being essential elements both in the urban and rural scenery and an important 
touristic attraction in many rural regions. 
Every intervention on historic structures should be preceded by exhaustive documentation and 
analysis for the evaluation and diagnosis of the structure. For this reason, the availability of the 
most complete information possible is of vital importance in order to perform adequate diagnosis 
and take the most efficient decisions towards the conservation of the structure, the optimization 
of its useful life and the improvement of its energy efficiency. With this purpose, the most 
advanced inspection and evaluation techniques must be used, optimizing their use and 
maximizing the results obtained through the combination of techniques.  
Infrared thermography is the technique of measurement of the infrared radiation emitted by the 
bodies as a function of their temperature. It can be applied to many different fields, from medicine 
(Grubisic, 2011) to industrial process monitoring (Meola, 2011), and its application to the 
inspection of buildings has been proved as highly efficient due to the wide variety of defects that 
can be detected: air leaks, heat losses, damp areas, cracks and structural faults (Balaras, 2002; 
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Grinzato, 2011; Dufour, 2009). However, all this studies are commonly performed with 
independence of geometry; in such way that the only quantification possible is the thermal 
modelling of heat transfer phenomena by using the temperature values measured, and the 
evaluation of the severity of the faults is made through a visual inspection based on imagery 
(Grinzato, 1998). Herein lays the interest of the novel study developed in this thesis, which is the 
conjoint exploitation of the thermographic and the geometric information contained in the 
thermographic images in order to allow the quantification of the thermographic inspection 
through the measurement of the area affected by each pathology, the computation of the energy 
lost through a certain wall, or the length of a crack in the structure. The resulting products 
(thermographic 3D models, orthothermographies) stand as holders of both types of information. 
The proposed objective can be reached either by exploiting the geometric information contained 
in thermographies with image processing techniques, either by combining the thermographic 
information with geometric data coming from other sensors. 
The use of geomatic techniques for the documentation of historic structures is justified by their 
capacity of representing the as-built reality with accuracy and detail (Ergun, 2010). Different 
approaches can be taken for data acquisition in close range, mainly depending on the equipment 
used: on the one hand, photogrammetric techniques can be applied for the exploitation of 
geometry from data acquired only with one camera, which should fulfil the requirement of being 
calibrated (Luhmann, 2005); on the other hand, laser scanning has evolved in the last years 
towards a more efficient methodology, with lighter equipment and faster and more accurate data 
acquisition and processing (Armesto, 2010).  
The work developed for this thesis is the analysis of the viability and efficiency of the conjoint 
application of infrared thermography and geomatic techniques, such as photogrammetry and 
terrestrial laser scanning, for the integral assessment of the as-built condition of civil structures, 
mainly focusing on buildings.  
The main objectives of the thesis are specified below: 
- Show the viability of geomatic and thermographic techniques proposed as a source of 
information adequate for the integrated inspection and evaluation of the structures as-
built. 
- Perform the calibration of the different equipment using different calibration fields 
designed in the laboratory for the determination of the parameters of inner orientation of 
the equipment together with the analysis of the parameters having an influence on the 
measurements. 
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- Develop software for the fusion of the geometric data with thermographic data, towards 
the generation of digital 3D models with thermographic texture and orthothermograms 
that allow the location of thermal defects detected through the thermographic inspection 
and the measurement of their dimensions. 
- Develop a methodology for the inspection and documentation of historic structures with 
geomatic and thermographic non-destructive techniques, through the generation of a 
protocol for both data acquisition and data processing resulting on the total 
characterization of the structures as-built, geometrically and physically. 
- Integrate the results in Building Information Models (BIM) and Integrated Assessment 
Systems for the analysis of the as-built structures and the decision-taking about their 
energy rehabilitation. 
This thesis is presented as a compendium of scientific articles published in international 
specialized scientist journals. The thesis consists on seven articles: six of them have been 
published in international journals included in Journal Citation Reports (JCR), whereas one of 
them was accepted for its oral presentation in an international conference, highly renowned in the 
scientific field of geomatic and 3D modelling and which proceedings are published and indexed 
in Ulrich Periodical’s. Every publication was subjected to an anonymous peer review process 
prior acceptance for publication. 
According to the normative of the University of Vigo for this type of thesis dissertations, an 
introduction with a justification of the presence of each article, together with the relationship 
between them, is presented below. 
 
Section 0. Geometric calibration of thermographic cameras 
CHAPTER 1. High performance grid for the metric calibration of thermographic cameras 
The knowledge of the inner parameters of any camera is essential for the maximization of the use 
of the information provided by the images through the extraction of the associated geometry. As 
a consequence, the calibration of the camera is needed both for the use of the radiometric 
information of the image as a texture of a point cloud, and for the generation of the point cloud 
directly from the images by applying the principles of photogrammetry. 
In the case of photographic cameras, there are several calibration fields available in the market 
(Remondino, 2006), and different theories exist in the scientific community about the 
configuration of the field providing the best calibration (Zhang, 2000; Triggs, 1997). Either in 
two or three dimensions, the calibration fields of photographic cameras usually consist on a 
background in which target points can be accurately detected by the sensor, and therefore appear 
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with precision in the acquired images. As these cameras work with light and chromaticity, targets 
usually consist on circles or squares in which the position of the centre is marked with different 
colours, mainly combinations of black and white. 
Thermographic cameras consist on sensors that detect the radiation emitted by bodies in the long 
infrared range of the spectrum, with wavelength between 7 and 15 µm. Therefore, conventional 
calibration fields are of no use for this type of cameras, as they do not detect differences in colour. 
This fact has led to the necessity of designing a special calibration field for the geometric 
calibration of thermographic cameras, taking as a basis their performance and the parameters 
measured. 
On a first approach, a calibration field based on differences of temperature was designed and 
built; it consisted on a wood plank as the background, and a number of light bulbs as target points 
(Lagüela, 2011). The targets were detected by the thermographic camera when they were turned 
on, so the calibration field required power supply for its operation. In addition, the materials 
chosen and the electric circuit made the calibration field heavy and non-easy to move, and the 
configuration of the bulbs in the plank provoke the appearance of diffraction effects that worsen 
the results. 
As an alternative, the effect of emissivity in radiation was used for the design of a new calibration 
field: a black cardboard was used as background due to its high emissivity value, while aluminium 
circles were used as targets given their high reflectivity (low emissivity). This way, no power 
supply is needed as the radiation coming from these materials is different even at the same 
temperature and so they are accurately detected in the thermographies. 
Both calibration fields are presented and evaluated in the paper composing Chapter 1, entitled 
“High performance field for the metric calibration of thermographic cameras”, published in the 
international journal “Measurement Science and Technology” from the editorial IOP Publishing. 
In this paper, thermographies are acquired of both calibration fields following the principles of 
photogrammetry for the calibration of photographic cameras, and two sets of calibration 
parameters are obtained after processing. Then, calibration parameters are used for the generation 
of a 3D model of a standard artefact directly from the thermographies, and their precision and 
accuracy is measured by comparing geometric measurements in the models and the reality. 
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Section 1. 3D thermography  
Infrared thermography has proved to be an adequate technique for building inspection, as it can 
be used to determine energy efficiency and also detect defects in construction. Geometry and 
spatial relationships are also very important in building inspection because they make location of 
thermal defects and measurement of affected surfaces possible. 
Commonly, thermographic studies are qualitative, based on detection of differences of 
temperature between points; and they only include thermal measurements on specific points or 
areas, associated to many other factors such as the thermal properties of the materials and 
environmental temperature and humidity. But this way of working presents a lot of limitations, 
as there is no way of executing precise quantitative measurements, since the geometry models are 
simple and inaccurate, mostly based on the as-design plans of the building. 
The performance of accurate and reliable energy audits for obtaining the energy rating of the 
building becomes a more complex task the denser and more intricate the nature of their 
construction is. For this reason, the availability of accurate three-dimensional maps of the façades 
can make a great difference in the analysis of energy efficiency of buildings (Wang, 2011). 
 
Section 1.1. 3D thermography through photogrammetric techniques 
Photogrammetry appears as a very competitive geodetic technology to obtain geometric data 
(Luhmann, 2006) due to the simplicity of the equipment used (only a camera), and the great 
variety of different approaches that can be taken: working with only one image, making several 
images from different positions and angles, stereo-imaging, etc (Ordóñez, 2010; Riveiro, 2011; 
Klaus, 2006). 
In the case of thermographic images, geometry information can be extracted from them if 
photogrammetric principles are considered, with the advantages that only one device, the 
thermographic camera, is needed for the acquisition of all the important information of an energy 
audit: radiometry gives information of the condition state of the building, location of elements 
within the image plus the camera calibration give information of the geometry. 
From a more practical point of view, reducing the equipment to just one thermographic camera 
enlightens the inspection and reduces to a minimum the discomfort caused to the users of the 
building. 
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CHAPTER 2. Single image rectification of thermal images for geometric studies in façade 
inspections 
A first approach towards the maximization of the information used from the thermographies by 
obtaining its geometric information is made through the application of the photogrammetric 
algorithm for image rectification. In this case, single image rectification can be applied if adequate 
calibrated scale bars are available. For this reason, thermographic scale bars were designed for 
this work, based on an aluminium structure with four specifically designed thermal targets in the 
corners. Each target is composed of a reflective material covering a thermal resistance, which 
heats the cover so that the thermographic camera detects accurately the position of each target. 
The accurate knowledge of the relative position of each target makes possible the rectification of 
the thermographic image of the object under study if the scale bars appear in it. 
Chapter 2 includes the paper “Single image rectification of thermal images for geometric studies 
in façade inspections” published in the international journal “Infrared Physics and Technology” 
from Elsevier, which focuses on new advances in the thermographic field. 
This paper includes the explanation of the methodology followed for the rectification of 
thermographic images by using the specifically designed scale bars, and the performance of the 
proposed methodology is evaluated by the comparison of the geometric results with those 
obtained by the registration of thermographic images in a laser scanning point cloud. In spite of 
the accuracy of the laser scanning, the error of single image rectification is acceptable, especially 
if the simplicity of the methodology is considered. 
 
CHAPTER 3. Automation of thermographic 3D modelling through image fusion and image 
matching techniques 
Another approach towards the generation of a thermographic 3D model using thermographies as 
standalone providers of information is presented in this chapter. Photogrammetry principles are 
applied to obtain geometry from images. The proposed methodology consists of the automatic 
registration of thermographies using RGB images as a reference, in order to combine the 
thermographies in a thermographic mosaic with greater field of view. When this process is 
performed for two mosaics highly overlapped (90-95% overlapping area), they are fused with 
their corresponding RGB images. Image fusion is used here for the improvement of the spatial 
resolution: RGB image provides more spatial resolution than the thermographic mosaic, whereas 
the thermographic mosaic provides radiometric information of the condition state of the façade. 
If this step was not taken, the application of Image Matching algorithms on the thermographic 
mosaics would not provide quality results due to the low spatial resolution of thermographic 
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cameras currently in the market. Each pair of overlapping fused images are then subjected to an 
Image Matching algorithm based on a Dense Surface Modelling algorithm that searches identical 
image patches in a pair of images using correlation. 
As a result of the proposed methodology, a dense 3D point cloud with thermographic texture is 
obtained, which can be further processed (filtered, triangulated and projected into a parallel plane) 
in order to have the corresponding orthothermograms, which stands for both thermographic and 
geometric measurements. 
This methodology is deeply explained in the paper included in this chapter, which was published 
in “Automation in Construction”, an international journal highly appreciated among the building 
and construction sectors. Its title is “Automation of thermographic 3D modelling through image 
fusion and image matching techniques”. 
 
CHAPTER 4. Image-based thermographic modelling for assessing energy efficiency of 
building façades 
The third approach to thermographic 3D modelling applying photogrammetric techniques is 
based on the combination of image matching algorithms (properly photogrammetric) with 
computer vision algorithms, so that the automation and flexibility of the process is increased, and 
the results present higher quality. 
After characteristic features are automatically extracted from each thermography by using the 
ASIFT operator (Morel, 2009), computer vision is applied to the computation of the approximate 
orientation of each thermographic image in an arbitrary coordinate system. Then, the 
photogrammetric principles of bundle-adjustment and the collinearity and coplanarity conditions, 
together with the calibration parameters of the thermographic camera, are applied in order to 
refine the orientation and to translate each image to the global coordinate system. This last step is 
possible thanks to the knowledge of the global coordinates of several targets placed along the 
building façades. 
Once all thermographic images corresponding to the same structure are oriented, Image Matching 
algorithms are applied to each pair of overlapping thermographies. In this case, the Semi-Global 
Matching algorithm (Hirschmüller, 2005), which presents better results in low-spatial resolution 
images such as thermographies due to the fact that it analyses the image pixel-wise, instead of 
limiting the study to small areas as correlation studies do. 
This methodology is further explained in Chapter 4, in the paper “Image-based thermographic 
modelling for assessing energy efficiency of building façades” published in the international 
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journal “Energy and Buildings”, which is published by the editorial Elsevier and is highly 
regarded by scientists in the energy field as its 6th position in the ranking of 56 journals in the 
field shows. 
In this paper, the previously explained methodology is presented through its application to the 
case study of an academic building in Avila (Spain). Apart from the modelling methodology, this 
paper includes the performance of energy computations from the resulting thermographic 3D 
model, and its corresponding orthothermogram, so that their usefulness is shown. Given that the 
orthothermographies contain all the geometric and thermal information of the modelled structure, 
the performance of energy studies such as computation of heat lost by conduction through the 
façade in the case of buildings is possible. For this case study, the quantity of energy lost through 
the walls was calculated applying the equation of heat flow supported by the heat transfer 
coefficient, thanks to the knowledge of temperature and the surface corresponding to each 
material. 
 
Section 1.2. 3D thermography from thermographic and laser scanning techniques 
Although accurate and efficient, the application of photogrammetric techniques towards obtaining 
geometry information from the thermographies presents a lot of limitations, because the generated 
models are simple in geometry and they mainly focus on building façades and the generation of 
orthothermographies or recitified images, that is, two-dimensional results. 
With the purpose of generating 3D models of structures, laser scanning has been considered as an 
optimal complement for the thermographic studies, given its capacity to provide the metric 
information that allows the quantification of the thermal studies once the point clouds are textured 
with the thermographies. 
The working methodology in this case involves independent processes for the thermographies 
and the point clouds, towards the restitution of the thermographic information in images 
consistent to the state of the whole structure and the conversion of the point cloud into a model 
of surfaces (triangles) in which texture can be applied (Lubowiecka, 2009). Once both elements 
(thermographies and point cloud) are ready, the registration of thermographies is developed 
through the identification of common points between the point cloud and each thermographic 
image, so that the position and orientation matrix is obtained for each thermography. This matrix 
includes the information needed for positioning the image in its corresponding place in the point 
cloud, or, in other words, translate each thermography from its position in the interior of the 
camera to its position in the coordinate system of the point cloud (Riveiro, 2011). 
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The resulting product, the thermographic 3D model with thermographic texture, includes detailed 
thermal information provided by the thermographies, and detailed geometric information 
acquired with the laser scanner, regardless the complexity of the geometry of the building. 
CHAPTER 5. Energy efficiency studies through 3D laser scanning and thermographic 
technologies 
This chapter focuses on the first attempt to generate a thermographic 3D model of a building 
through the combination of a laser scanning point cloud and thermographic images. In this case, 
registration of thermographies in the point cloud is performed through the manual marking of 
common points in each thermography and the point cloud, and the use of commercial software 
from the laser scanner company for the processing and texturing of the model. An average of 8 
common points was marked for each thermography, and the error in registration was lower than 
3 pixels, which is acceptable given the low spatial resolution of thermographic cameras and the 
consequent limitation for the marking points operation. 
Deeper explanation about this procedure is given in the chapter, consisting on the paper “Energy 
efficiency studies through 3D laser scanning and thermographic technologies”, also published in 
the international journal “Energy and Buildings” from Elsevier editorial. 
CHAPTER 6. Automatic procedure for the registration of thermographic images with point 
clouds 
This chapter includes the paper entitled “Automatic procedure for the registration of 
thermographic images with point clouds”, accepted for publication and oral presentation in the 
International Symposium of the Photogrammetry, Remote Sensing and Spatial Information 
Sciences taking place in Melbourne (Australia), which proceedings are indexed in Ulrich’s 
Periodicals. This paper gathers the research performed during the research stay in the University 
of California Berkeley, consisting on the development of proprietary software in order to solve 
the lack of automation in the combination of laser scanning with thermographic information. 
The generation of thermographic 3D models is performed through the application of different 
algorithms to the point cloud and the thermographies. For the first, a segmentation algorithm is 
applied based on a curvature study, and 3D lines are segmented corresponding to intersections 
between walls or to the presence of different pieces of furniture. In the case of thermographies, a 
Line Segment Detector (LSD) algorithm (Grompone, 2010) is applied for the detection of lines 
in thermographies. Then, the 2D-3D problem is solved through the projection of the 3D lines to 
the images and the computation of the orientation matrix in an iterative process until the error is 
minimized (Liu, 2005). As a result of this process, a thermographic 3D model is obtained, but 
without the continuous interaction with a human operator. 
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CHAPTER 7. Automatic thermographic and RGB texture of as-built BIM for energy 
rehabilitation purposes 
In chapter 7, the methodology presented in chapter 6 is extended towards the conversion of the 
3D model into a Building Information Model that gathers semantic information about the different 
elements: which surfaces are walls, ceiling and floor, and their adjacency relationships. Hence, 
the segmentation algorithm is also used here for the computation of the normal vector defining 
each wall of the 3D model, and they are given a label (“Wall”, “Ceiling”) after a visual 
identification process carried out by a human operator. Concurrently, thermographies are 
subjected to a LSD algorithm, and then registered with the point cloud, so that the thermographic 
images can be applied as a texture to the 3D model, and the corresponding orthothermographies 
can be used to texture the BIM. In addition, the registration methodology can be also applied to 
RGB images, so that a photorealistic texture can be given to the BIM for its better understanding. 
The BIM format chosen is gbXML, since it was created to be the bridge among the modelling 
and the energy fields, so the resulting Building Information Model is compatible with energy 
simulation and energy evaluation software (Dong, 2007). What is more, the visualization of the 
condition state of the building through its thermographic texture allows the direct assessment of 
energy rehabilitation or energy improvement interventions. 
Further explanation is given in the paper that gives shape to the chapter, which title is “Automatic 
thermographic and RGB texture of as-built BIM for energy rehabilitation purposes”, published in 
the international journal “Automation in Construction” from the editorial Elsevier. 
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       CAPÍTULO 1 
 
 
CAMPO DE ALTO RENDIMIENTO PARA LA  
CALIBRACIÓN DE CÁMARAS TERMOGRÁFICAS 
 
 
Resumen: 
 
La calibración métrica de cámaras termográficas hace posible la adquisición simultánea de 
información geométrica si se siguen los principios de la fotogrametría. Tanto los efectos de 
distorsión introducidos por la lente en las imágenes como el efecto de perspectiva pueden ser 
corregidos una vez conocidos los parámetros de calibración.  
Este artículo presenta un campo de calibración que permite la realización de modo automático de 
la calibración métrica de cámaras termográficas. Este campo de calibración está hecho de 
materiales ligeros y de fácil adquisición de modo que se garanticen su portabilidad y manejo. Los 
parámetros de calibración obtenidos con el campo de calibración propuesto son verificados y 
comparados con aquellos obtenidos con un campo de calibración basado en temperaturas, a través 
de la evaluación de la precisión y repetitividad de resultados en el modelado de un artefacto 
standard, previamente certificado. 
 
 
Palabras clave:  
Fotogrametría, termografía, calibración métrica, emisividad. 
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Abstract
The metric calibration of thermographic cameras would make possible the acquisition of
geometric data if the principles of photogrammetry are followed. Both the distortion effects
introduced in the images by the lens and the perspective effect can be corrected if the
calibration parameters are known. This paper presents a calibration grid that allows the
automatic metric calibration of thermographic cameras. This calibration grid is made of light
and easy-to-find materials to guarantee its portability and handling. The calibration parameters
obtained with the presented calibration grid are verified and compared with those obtained
with a temperature-based calibration grid through the evaluation of the accuracy and
repeatability in the modelling of a standard artefact previously certified.
Keywords: photogrammetry, thermography, metric calibration, emissivity
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Infrared thermography is the technique of measuring the
infrared radiation emitted by bodies, proportionally dependent
on the temperature of their surface [1]. Thanks to this, infrared
thermography shows a wide range of applications [2], such
as measurement of heat losses, dampness and air leaks in
buildings [3–5]; overcharges and electrical failures in cables
in electric lines [6]; overloads and friction in engines and other
mechanical machinery [7]; blood blockages and inflammations
in medicine and veterinary science [8, 9].
Thermographic cameras are typically calibrated in
blackbody simulators [10] or thermocouple systems [11],
so that the uncertainty in the measurement of infrared
radiation and the subsequent temperature is certified. This
way, the object of most thermographic surveys is limited to
image acquisition and thermal analysis [12–14], not taking
into consideration the geometric information that can be
obtained from thermography if photogrammetry principles are
followed.
In order to exploit the metric information of thermography
and therefore completing the study of the bodies, it is essential
to know the calibration parameters of the thermographic
camera used in the survey. These parameters characterize
the inner orientation of the images in the camera, and include
radial and decentering distortion of the lens, principal point
coordinates, principal distance and sensor size [15]. The
geometric coordinates of the object are obtained from the
combination of the calibration parameters and the interior
orientation of its images [16].
Given the fact that thermographic cameras measure
body temperature in an indirect way (they register emitted
radiation, and from this value they calculate the corresponding
temperature), first geometric calibrations of thermographic
cameras are based on calibration grids using light bulbs
as targets. Since light bulbs increase their temperature
when turned on, they are precisely detected by infrared
thermographic systems [17, 18]. However, these calibration
systems are usually heavy, need an external power supply and
present diffraction effects due to the interaction between the
light bulbs and the holes of the supporting plank. In addition,
the marking process of the targets is manually performed.
This paper presents a low cost calibration grid for the
automatic geometric calibration of thermographic cameras
based on the combination of materials with different emissivity
values. This system removes the need for light bulbs
0957-0233/12/015402+09$33.00 1 © 2012 IOP Publishing Ltd Printed in the UK & the USA
14
Meas. Sci. Technol. 23 (2012) 015402 S Lagu¨ela et al
Figure 1. Thermographic camera used for this paper, model NEC
TH9260.
and external electrical supply, so that the optical diffraction
introduced by them in previous systems is avoided. What is
more, the materials chosen easily allow the introduction of
coded targets, with the resulting automation of the calibration
process and removal of human influence in the process.
The aim of this paper is to analyse the performance of
the proposed calibration grid and compare its results with
those obtained by developing the metric calibration with a
calibration grid based on light bulbs (consequently, based
on temperature differences). Furthermore, the calibrated
thermographic camera is used for the geometric restitution of
a standard artefact using the calibration results obtained with
the two different calibration grids. This way, both calibration
results were evaluated by comparing them with known and
certified geometric values.
2. Experimental details
The thermographic camera from NEC, model TH9260
(figure 1) was used in this paper for the calibration and
verification analysis. This camera presents a sensor size of
640 × 480, which is one of the largest commercial sizes for
mobile thermographic cameras; it is an uncooled focal plane
array, which means that array elements respond to infrared
radiation without requiring cryogenic operation [19]. What is
more, it presents a thermal sensitivity of 0.06 ◦C at an ambient
temperature of 30 ◦C, which is a very important characteristic
in this study given that the presented calibration grid and
procedure are designed for cameras capable of detecting small
temperature differences from small emitted infrared radiation
differences. More technical characteristics can be seen in
table 1.
In order to achieve the metric calibration of the
thermographic camera and to study the adequacy of the
proposed calibration field, the following steps were developed.
Figure 2. Calibration grid designed for the automatic metric
calibration of thermographic cameras, based on emissivity
differences.
Table 1. Technical characteristics of the thermographic camera used
for metric calibration grid analysis.
Camera NEC TH9260
Temperature range −20 to +500 ◦C
Thermal sensitivity/NETD 0.06 ◦C @ +30 ◦C
Detector 640 × 480 UFPA
Spectral range 8–14 μm
Spatial resolution/IFOV 0.6 mrad
Field of view/FOV 21.7◦ (H) × 16.4◦ (V)
Image frequency 30 Hz
2.1. Calibration grid design
The calibration grid designed for the automatic calibration of
thermographic cameras is formed by a rigid plank, preferably
made of wood. The function of this plank is to provide
the calibration grid with structural rigidity, and the material
is chosen because of its lightness and achievability. It
is a fact that wood presents greater dilation than other
materials such as aluminium and iron: wood presents a
thermal dilation coefficient of 0.000 034 ◦C−1, in contrast to
0.000 023 ◦C−1 for aluminium and 0.000 012 ◦C−1 for iron
[20], but these dilations are negligible taking into account
the metrological characteristics presented by thermographic
systems, which present spatial resolution between five and ten
times lower than that of digital photographic cameras. The
choice of wood as the material for the supporting plank is also
justified by the interest in the comparison of the presented
calibration grid with the calibration grid with light bulbs,
which is made of this material. This makes this paper present
the quality comparison of two different wooden calibration
systems.
An aluminium sheet and a black card are stuck on
top of the wooden plank. Targets are perforated in the
card so that the aluminium sheet can be seen only in
those regions, as the calibration field consists of a black
background with aluminium targets (figure 2). These materials
present very different emissivity values, which make them
easy to differentiate by the thermographic camera since
2
15
Meas. Sci. Technol. 23 (2012) 015402 S Lagu¨ela et al
Figure 3. Targets and coded targets in the calibration grid.
thermographic cameras precisely detect different emissivity
materials even when they are at the same temperature [21],
because the infrared radiation they emit is different due to
the difference in this property. Placing the black card on
top of the aluminium sheet implies that it covers most of
the calibration grid, avoiding reflections from surrounding
objects and consequently allowing the use of the presented
calibration grid indoors. What is more, this configuration of
lightweight materials allows easy portability of the system, so
that calibration parameters can be analysed both in the office
and in the field.
Targets consist of circular perforations, while coded
targets have different arch portions around each circular
perforation (figure 3). In order to optimize the geometric
calibration of thermographic cameras and to maximize result
precision, 100 targets are perforated in the black card,
in a square matrix formed by ten lines and ten rows, at
equal distances one another [22]. Among these targets,
four coded targets are placed on the corners of the matrix
(figure 2), so different arch portions are perforated around the
corresponding circular targets. These targets are identified by
the software used for calculating the calibration parameters,
and consequently all images are automatically oriented,
minimizing human influence in the process.
2.2. Metric calibration of thermographic cameras
The metric calibration of the thermographic camera is
developed following the same process carried out for
photogrammetric cameras. In this case, calibration is
developed following the self-calibration bundle adjustment
method [23], by taking several images of the calibration
grid and processing them in the photogrammetric station
Photomodeler.
As explained in [16], camera calibration requires the
acquisition of between 6 and 12 photographs of the calibration
grid, from points of view that must ensure good ray
intersections. Eight thermographs of the calibration grid were
acquired, orthogonally and obliquely from the calibration
grid, with a relative rotation of 90◦ around the optical axis
between consecutive images. This process was the same for
the calibration grid based on emissivity difference and for the
one formed by light bulbs (temperature difference), figure 4
[24].
Figure 4. Calibration grid based on temperature difference: targets
are light bulbs.
Given that this procedure is developed for thermographic
cameras, there are parameters concerning thermography
that need to be taken into consideration, such as ambient
temperature and relative humidity, distance between the
camera and the object and emissivity of the material under
study. In this case, the calibration procedure was developed
under controlled conditions with an ambient temperature of
21 ◦C and a relative humidity of 40%; all windows were closed
in order to avoid drafts that could affect the measurement, and
the drapes were shut so that no solar radiation fell directly
on the grid surface. An emissivity test was carried out with
the aim of providing accurate values for the materials under
study [25], and the results obtained were 0.91 for the light
bulb calibration grid (with its main surface made of wood) and
0.94 for the emissivity calibration grid (with its main surface
made of black card). The distance between the camera and
calibration grid was around 2 m.
Given the necessity of detecting clearly both normal and
coded targets in order to perform the camera calibration, the
choice of the optimum colour palette is essential. Therefore,
the grey palette was applied to all thermographs used for the
calculation of the calibration parameters (figure 5 left and
right). What is more, choosing an adequate temperature
interval is also very important: as shown in figure 6, the
difference of temperature measured by the camera between
the black card and the aluminium targets on account of
the different radiation emitted by different materials is only
2 ◦C, which means that the represented temperatures have to
be correctly adjusted in order to have the optimum contrast
between card and targets.
As the calibration grid based on emissivity difference
presents coded targets, image processing and calibration
parameter calculation are automatically performed by
Photomodeler software, through the automatic fiducial target
marking calibration algorithm. However, calibration with
thermographs of the calibration grid based on temperature
difference has to be performed by the human operator.
In short, the image orientation and calibration parameter
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(a) (b)
Figure 5. Thermographs of the emissivity calibration grid (a) and the temperature calibration grid (b) presented with a grey colour palette.
(a) (b) (c)
Figure 6. Thermograph of the emissivity calibration grid with colour palette (a). Line profiles of the targets in the graph (b) show the
minimum temperature difference that has to be detected between the black card and the targets; the profiles show the same tendency both
vertically (line 4) and horizontally (line 5). Part (c) shows, with greater detail, the temperature difference between the card and the
aluminium sheet forming the targets for three different individual targets.
Table 2. Calibration parameters for the thermographic camera NEC TH9260 using different calibration grids.
Emissivity Light bulbs
Focal length (mm) Value 15.221 633 15.141 197
Std 0.013 0.035
Format size (mm) Value 6.000 425 × 4.500 0000 5.997 091 × 4.500 000
Principal point (mm) x value 2.976 774 3.002 841
x std 0.017 0.061
y value 2.140 149 2.242 200
y std 0.016 0.055
Radial lens distortion K1 value (mm−1) 1.158 × 10−3 5.239 × 10−4
K1 std (mm−1) 1.7 × 10−4 5.8 × 10−4
K2 value (mm−3) −3.859 × 10−5 −1.289 × 10−5
K2 std (mm−3) 3.3 × 10−5 1.1 × 10−4
K3 value (mm−5) 2.619 × 10−6 1.711 × 10−6
K3 std (mm−5) 2.1 × 10−6 6.6 × 10−6
Decenter. lens distort. P1 value (mm−1) 2.733 × 10−5 1.048 × 10−4
P1 std (mm−1) 2.1 × 10−5 6.9 × 10−5
P2 value (mm−1) −2.413 × 10−5 2.633 × 10−6
P2 std (mm−1) 1.3 × 10−5 6.4 × 10−5
calculation are carried out by the software, but targets
must be manually marked and referenced for all the
thermographs.
The results obtained for both calibrations from the same
thermographic camera NEC TH9260 are shown in table 2.
2.3. Verification of calibration parameters
With the purpose of verifying the results obtained in both
calibrations and comparing them with the known and certified
values, the calibrated thermographic camera is used for the
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Figure 7. Standard artefact consisting of an aluminium block with seven cubes, on top of which five delrin spheres are fixed. Silver and
black targets were painted as control points for the photogrammetric restitution, and helping lines were painted with the aim of facilitating
image orientation.
Table 3. Distance between centres of the spheres; LSS shows the
length and σLSS the standard deviation.
Spheres LSS (m) σLSS (m)
S1–S2 0.250 200 0.000 084
S1–S3 0.500 143 0.000 076
S1–S4 0.750 170 0.000 142
S1–S5 1.000 395 0.000 060
photogrammetric 3D modelling of a standard artefact, with
known and certified dimensions (figure 5).
The standard artefact is formed by an aluminium block
with seven aluminium cubes of decreasing dimensions, on top
of which five delrin spheres are stuck with epoxy glue, with
a nominal diameter of 100 mm. This standard artefact was
calibrated with traceability to the national reference of length
by a coordinate measuring machine Mitutoyo Euroc Apex
12010 under controlled environmental conditions in Aimen
Technological Centre (Pontevedra, Spain). This device is
used for measuring the physical geometrical characteristics
of objects. Measurements are defined by a probe attached to
the third moving axis of this machine, since it is composed
of three axes, x, y and z, orthogonal to each other in a typical
three-dimensional coordinate system. The machine reads the
input from the touching probe, directed either manually or
by a computer program, and uses the x, y, z coordinates of
each of these points to determine size and position. The
results obtained in this measurement concerning the spheres
are shown in table 3.
In order to facilitate point restitution from the
thermographs acquired, round targets were painted on the
standard artefact. Taking emissivity difference as a basis,
black targets were painted on the aluminium block, since the
emissivity of this paint is higher than that of the aluminium.
Silver paint targets were placed on the delrin spheres to the
same effect, as delrin presents a higher emissivity value than
silver. Given that spheres are difficult to process because their
geometry is very regular, some lines were added to help in the
orientation of the images and make target identification easier
(figure 7).
As in the calibration procedure, there are thermographic
requisites that have to be taken into account. Although
emissivity differences are more visible at high temperatures
[26], the standard artefact was kept under environmental
conditions of 21 ◦C and 40% relative humidity, with closed
windows and drapes to avoid any artificial heating. Given the
low emissivity value of the aluminium forming the artefact,
the value used is 0.1, which is the minimum allowed by the
thermographic camera used in this test.
The thermographic 3D modelling of the standard artefact
was performed following the principles of photogrammetry
[15]. Therefore, in the image acquisition step, the artefact
was divided into six models: up, front, down; and, as the
thermographic camera’s field of view does not allow the
capture of the whole length of the artefact in one thermograph
it had to be divided into two, right–left, with 50% minimum
overlap between consecutive models [27]. Each model
consisted of four thermographs, two perpendicular to the
artefact from the corresponding point of view and two with
angles of 30◦ and 120◦, so that beam adjustment could be
correctly carried out. Thermographs corresponding to one
model are shown in figures 8(a)–(d).
Once thermographs of the standard artefact are acquired,
they are processed in Photomodeler software twice: once
with the camera calibration parameters obtained with the
emissivity-based calibration grid, and then with the calibration
parameters achieved with the light bulb calibration grid. These
thermographic 3D models of the calibrated standard artefact
were then compared to evaluate the accuracy and repeatability
of the different calibration grids, together with the calibration
result comparison.
3. Results and discussion
After the thermographic camera calibration and the verification
with the standard artefact, the results were analysed in order
to evaluate the metrological quality of the calibration field
proposed. The analysis is developed for the results of both
metric calibration and standard artefact modelling.
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(a) (b) (c) (d)
Figure 8. Photogrammetric model of the standard artefact: left half, front point of view. Thermographs were acquired orthogonally (a), (b),
at 120◦ (c) and at 30◦ (d). Thermographs represent temperatures between 35 and 25 ◦C, as shown in the scale.
3.1. Calibration parameters
The calibration parameters obtained for the thermographic
camera NEC TH9260 are shown in table 2. As can be
seen from the standard deviation values, the emissivity-based
calibration grid achieves better results for all parameters than
the calibration grid with light bulbs.
Lens distortion is obtained using the unbalanced radial
(equation (1)) and decentering (equations (2), (3)) model of
lens distortion. These equations allow the correction of the
distortions introduced in the images by the camera lens during
image registration:
dr = K1r2 + K2r4 + K3r6, (1)
dpx = P1(r2 + 2x2) + 2P2xy, (2)
dpy = P2(r2 + 2y2) + 2P1xy, (3)
where r is the lens radius, dr the radial lens distortion, dpx the
decentering lens distortion along the x axis, dpy the decentering
distortion along the y axis, K1, K2 and K3 are the coefficients
of the radial lens distortion, P1 and P2 the coefficients of the
decentering lens distortion, and x and y the lens distances.
Taking into account the values obtained with both
calibrations for the coefficients K1, K2, K3, P1 and P2,
lens distortion results were compared for the longest radius
of the image. Considering the principal point coordinates
for each calibration, the longest radius corresponds to the
line between the principal point and the down-right corner
of the image (emissivity-based calibration), and to the line
between the principal point and the upper-left corner (light bulb
calibration). The results are shown in figures 9 and 10, where
radial and decentering distortions are represented as a function
of the radius. In the same way as for the photogrammetric
cameras, both radial and decentering distortions increase with
the distance to the principal point of the lens.
In order to evaluate the consistency in the calculation of
these distortion values, the error in the distortion coefficient
is also calculated for each kind of lens distortion (radial and
decentering) and for each calibration grid, with the following
equations for error calculation (equation (4) for error in radial
distortion and equations (5) and (6) for error in decentering
distortion in the x and y axes):
udr =
√(
∂dr
∂K1
)2
u2K1 +
(
∂dr
∂K2
)2
u2K2 +
(
∂dr
∂K3
)2
u2K3 , (4)
Figure 9. Radial distortion obtained from the evaluation of the
radial distortion equation with the coefficients obtained with both
calibration grids, the proposed one (based on emissivity differences)
and the most common one (made with light bulbs).
udpx =
√(
∂dpx
∂P1
)2
u2P1 +
(
∂dpx
∂P2
)2
u2P2 , (5)
udpy =
√(
∂dpy
∂P1
)2
u2P1 +
(
∂dpy
∂P2
)2
u2P2 , (6)
where udr is the error in radial distortion, udpx and udpy are
the errors in decentering distortion in the x and y axes, uKi is
the standard deviation in the calculation of Ki coefficients
in camera calibration and uP i is the standard deviation in
the calculation of Pi coefficients. Considering the distortion
equations (equations (1)–(3)), the final error equations used
were the following:
udr =
√
r4u2K1 + r
8u2K2 + r
12u2K3 , (7)
udpx =
√
(r2 + 2x2)2u2P1 + (2xy)
2u2P2 , (8)
udpy =
√
(2xy)2u2P1 + (r
2 + 2y2)2u2P2 . (9)
The results of these errors as a function of the longest radius in
each calibration are graphed in figures 11 and 12. As happens
with the other calibration parameters, the values obtained
through the automatic calibration with the emissivity-based
calibration grid are more accurate than those obtained with
the light bulb calibration grid, since the error in the maximum
distance for the first grid to the principal point is one third
6
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(a) (b)
Figure 10. Decentering lens distortion obtained from the evaluation of the decentering coefficients in both axes x (a) and y (b), resulting
from the calibration with the emissivity and the light bulb calibration grids.
Figure 11. Error obtained in the calculation of the radial distortion
parameters with both calibration grids.
of that of the second for radial distortion and decentering
distortion in the x axis, and one quarter for decentering
distortion in the y axis.
3.2. Camera verification
Thermographic 3D models of the standard artefact developed
with the two calibration sets are evaluated to obtain
(a) (b)
Figure 12. Error obtained in the calculation of the decentering distortion parameters with the two calibration grids studied. On the left (a),
error in decentering distortion in the x axis is shown, while the graph on the right (b) represents the error in decentering distortion in the y
axis.
Table 4. Real and obtained distances between spheres.
Distance between spheres (m)
Spheres Real distance Emis. calib. grid Light bulb calib. grid
S2–S1 0.250 200 0.252 243 0.253 704
S3–S1 0.500 143 0.503 115 0.505 983
S4–S1 0.750 270 0.755 566 0.759 795
S5–S1 1.000 395 1.006 909 1.013 018
the accuracy and repeatability of the two calibration
methodologies (automatic calibration with an emissivity-
based calibration grid and semi-automatic calibration with a
light bulb configured calibration grid).
Accuracy was studied through the evaluation of the results
obtained in the 3D models for the distance between the centres
of the spheres, which were compared with the real results
obtained from the coordinate’s measurement machine. These
distances were calculated thanks to the fact that silver targets
had been painted on the spheres, as the coordinates of these
points were accurately obtained, and then used to estimate the
coordinates of the centres of the spheres using an adjustment
by the least-squares method.
Naming as the ‘first sphere’ the first on the right (figure 7),
real and calculated distances are shown in table 4.
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Figure 13. Differences between real distance between spheres and
distance obtained from the thermographic 3D models processed
with both calibration methods under study.
Figure 14. Repeatability of the results obtained in 3D modelling in
both calibration methodologies under study. The graph shows that
repeatability is better for the model processed using the camera
calibration developed with the calibration grid based on emissivity,
with a maximum difference of 12 μm between results for
corresponding points.
As shown in table 4, the accuracy decreases when the
distance between spheres increases, but with a much lower
value for the model processed using the calibration obtained
with the calibration grid described in this paper. This fact is
easily noticed in figure 13.
What is more, the repeatability of results is analysed
through the precision vector length given by Photomodeler
software, used in the modelling process, which gives the
expected spread of each point position value about its
estimated value. In order to make this comparison possible,
corresponding points in the two models were given the same
user names. As shown in figure 14, repeatability results were
very similar in both cases, although calibration carried out
with the emissivity calibration grid proved to have slightly
better repeatability results, with a maximum spread value of
0.000 747 m, compared with the maximum spread value of
0.000 759 m obtained with the light bulb calibration grid.
4. Conclusion
Geometry is an important attribute to take into account when
performing a thermographic survey, given that it completes the
thermal information directly acquired by the thermographic
camera. As thermographs are images in the mid-infrared
part of the spectrum, they can be treated in a similar way
to images in the visible spectrum, and consequently geometric
information can be achieved from thermographs if the internal
behaviour of the thermographic camera they are acquired with
is known, which means that the thermographic camera has
to be geometrically calibrated. Doing this, the optimization
of thermographic surveys is achieved obtaining temperature
values and geometry information from the same set of images.
Given the fact that thermography can be applied in many
different fields, portability is a fundamental characteristic for
the calibration grid. This paper presents a low cost and reliable
calibration grid made with light and easy-to-find materials,
so that it is portable and easy to handle. In addition to
portability, the proposed calibration grid allows the automation
of the whole calibration process using Photomodeler software,
because materials’ handling allowed the inclusion of coded
targets among common circular ones. This fact allowed
more accurate calibration values to be obtained, as has been
demonstrated in this paper through the comparison with the
values obtained with a calibration grid made using light bulbs
as targets.
A standard artefact is also used to evaluate accuracy and
repeatability in the geometric measurements carried out with
the thermographic camera; these results showed that values
obtained with the proposed calibration grid are more consistent
than those obtained with the previous grid based on bulbs.
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       CAPÍTULO 2 
 
 
MÉTODO DE RECTIFICACIÓN DE IMÁGENES  
PARA IMÁGENES TERMOGRÁFICAS APLICADA A  
ESTUDIOS GEOMÉTRICOS EN INSPECCIONES DE FACHADAS 
 
 
Resumen: 
 
Este trabajo presenta una técnica fotogramétrica que proporciona información geométrica y 
térmica de fachadas de edificios. Esta metodología usa barras portátiles y de bajo coste, 
especialmente diseñadas para ser detectadas termográficamente, además de software basado en la 
rectificación de imagen. Las operaciones de rectificación de imagen corrigen el desplazamiento 
original de las imágenes provocados por los efectos de proyección y perspectiva, así como la 
distorsión radial introducida por la lente de la cámara.  
La metodología propuesta es evaluada mediante la comparación de la imagen rectificada con el 
producto resultante de la combinación de escaneado láser con información termográfica. Se 
seleccionan siete segmentos con diferentes orientaciones y longitudes para su medida. Los 
análisis de exactitud muestran errores entre 44 y 151 mm. Los valores de precisión oscilan entre 
22 y 61 mm para una longitud máxima de 7259 mm. Los resultados de exactitud y precisión 
obtenidos para la metodología propuesta abren la posibilidad de extender su uso a tareas de 
inspección de edificios. 
 
 
Palabras clave:  
Imagen termográfica, fotogrametría, rectificación de imagen, inspección de edificio 
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This work presents a photogrammetric technique that provides geometric and thermal information about
building façades. It uses low cost and portable scale bars, specially designed for thermal imaging, and pro-
cessing software based on single image rectiﬁcation. Image rectiﬁcation corrects the original photo dis-
placement due to the projection and perspective, and radial distortions introduced by the lens of the
camera.
The technique is tested by comparing laser scanning and thermal data. Seven segments of different ori-
entation and length are selected for the measurement. Accuracy tests show errors between 44 mm and
151 mm. Precision values range between 22 mm and 61 mm for a maximum length of 7259 mm. The
accuracy and precision results obtained for the technique open the possibility of extending its use to
building inspection tasks.
 2012 Elsevier B.V. All rights reserved.1. Introduction
Infrared thermography is the technique of producing a visible
image from the infrared radiationwhich all bodies emit due to their
thermal conditions. The emitted radiation detected by the thermo-
graphic sensors belongs to the thermal infrared range, in a
wavelength between 7 and 15 lm. Infrared thermography is a
Non-Destructive Techniquewith a number of applications in condi-
tion monitoring, medical imaging, process control, surveillance in
security, predictive maintenance and building inspections [1–6].
Thermography has a long history, although its use has increased
abruptly during the past decade, which has been accompanied by
substantial improvements in technology and a gradual lowering
of prices.
Infrared thermography is of vital importance in the inspection
tasks related with energy efﬁciency works in buildings [7]. Thermal
imaging can clearly show areas with lack of insulation and airll rights reserved.
rge).barriers, areas where the convention heat transfer was prevalent,
missing thermal boundary deﬁnition, improper duct connections,
areas of condensation and numerous construction defects. More-
over, infrared thermography helps to locate the source of air and
water leaks, ﬁnd multiple areas of energy loss, deﬁne the
magnitude of suspect areas for cost estimating, revealed poor roof
designs, and identiﬁed building shell areas lacking proper coordina-
tion of the construction trades or inadequate design details and
speciﬁcations [8–11].
Traditionally, thermographic studies present several limitations
that come from the non-possibility to obtain reliable geometric
information. This fact comes from the optical distortion of the ther-
mographic lens and does allow neither the obtaining of georefer-
enced temperature data nor the mapping of thermographies of
the objects studied with isotherms. On the other hand, common
thermographic analyses are mainly qualitative, based on the visual
inspection of the different thermal regions. Quantitative studies
are typically limited to the measuring of the temperature in a
few points or regions [7].
Some studies show the possibility of combining the thermal
information given by infrared cameras with geometric information24
Fig. 1. Scale bars for thermal applications. RGB image, point cloud obtained from
the laser scanning and thermal image.
422 H. González-Jorge et al. / Infrared Physics & Technology 55 (2012) 421–426provided by laser scanning [12,13]. These techniques can be used
for the 3Dmodeling of buildings and for the accurate metric survey
of the existing structure. Integration of thermal imaging with laser
scanning provides valuable information and allows the exact loca-
tion of regions of interest, such as moisture, thermal bridges and
isolation defects. However, this methodology has some problems
to be overcome. Laser scanning is still an expensive technology
and the technique needs the calibration of the thermal camera
according to the photogrammetric principles [14–17]. Data pro-
cessing is time consuming, especially for the heavy processing of
the point clouds from the laser scanner (cleaning and ﬁltering, reg-
istration, surface modeling and texturization; a deeper explanation
can be found in [18]).
Photogrammetry appears as a very competitive geodetic tech-
nology to obtain geometric data [17]. The economic cost of photo-
grammetric systems is typically lower than that of laser scanning.
Among the different photogrammetric techniques, image rectiﬁca-
tion appears as one of the simplest photogrammetric methodolo-
gies, offering the possibility of obtaining geometric information
easily and using a small economic investment.
The aim of this work is the development of a single image rec-
tiﬁcation methodology for thermographic cameras and thermo-
graphic studies in building structures. For this purpose, a scale
bar specially conceived for thermal photogrammetric surveys is
designed, manufactured and tested. The information obtained
using the thermographic image and the thermal scale bars is pro-
cessed to obtain rectiﬁed images. Data from laser scanning and
thermal imaging measurements are compared.2. Instrumentation
2.1. Thermographic camera
The main equipment used in this work is a thermographic cam-
era NEC TH9260 that measures temperatures in a range from 0 C
to 60 C, with a thermal resolution of 0.006 C at 30 C (30 Hz). The
sensing area is an Uncooled Focal Plane Array (UFPA) with a size of
640  480. The resolution of the sensing area directly affects to the
accuracy of the method presented in this work and it is recom-
mendable to use a camera with a high-resolution sensor. The in-
stant ﬁeld of view of the camera is 0.6 mrad, and the ﬁeld of
vision is of 21.7 in the horizontal plane and 16.4 in the vertical
plane. The software used for the processing of the thermographies
from their thermal format to an image JPEG format is MATLAB
v7.0.1. The metric calibration of the camera is done with the pho-
togrammetric station PHOTOMODELER Pro v5. Temperature of
the camera is typically calibrated using black bodies and surface
temperature measurements.
2.2. Laser scanning
Laser scanning survey is performed using a RIEGL LMS Z390i la-
ser scanning. Length range of this scanner is between 1.5 m and
400 m. Nominal precision at 50 m range is 4 mm. Maximum range
for the vertical angle is 90 and 360 in the horizontal plane, with
an angular resolution in both cases of 0.002 [19]. The pulse repe-
tition rate oscillates between 8.000 and 11.000 points/s. The soft-
ware used for data acquisition and processing is RISCAN PRO,
from RIEGL.
2.3. Thermographic scale bars
The use of single image rectiﬁcation involves the use of cali-
brated scale bars for performing the projective transformation of
the image [20,21]. When RGB photographs are used, the designand manufacturing of the scale bars is relatively easy and topo-
graphic targets can be used for calibration. However, the thermal
case of study requires the design of a speciﬁc system, since the
common targets used for the RGB photographs cannot be visual-
ized by the thermographic camera unless resorting to the possibil-
ity of detecting emissivity differences, as done in [16], and restrict
the use of these targets, usually highly reﬂective, to buildings made
of low reﬂectivity materials. The key aspect of the system devel-
oped for this work is the use of thermal targets that allow easy cal-
ibration and detection by the thermographic camera so that single
image rectiﬁcation is possible.
Fig. 1 shows the RGB and the thermographic image of the scale
bars. In addition, a point cloud obtained from the laser scanning is
also depicted. The scale bar consists of a low cost foldable and por-
table aluminum structure. Although aluminum shows an impor-
tant coefﬁcient of linear thermal expansion in comparison with
other materials, the length changes are negligible for the accuracy
of the system under study. The scale bar has four reﬂective targets
situated at the corners of the structure. Each target is composed of
two different elements both with a diameter of 10 cm. The external
element is a reﬂective material to be easily located by a laser scan-
ning or a photogrammetric system. Internally to the reﬂective
material a circular heater is placed to generate a circular heat pat-
tern (thermal target) which can be measured by a thermographic
camera. Power dissipation of the heaters is 100 W per unit. The
thermal targets are supplied by a 12 V–20 Ah battery. A remote
control is included in the circuit to save battery charge when it is
not necessary during the surveying. Fig. 2 shows a scheme of the
special targets developed for this work.
Reﬂective and thermal targets are calibrated using a laser scan-
ning and thermal photogrammetry respectively. Two independent
calibrations were performed. Although the center of the two tar-
gets is the same, the thermal center of the thermal target does
not have to exactly match to the geometrical center of the reﬂec-
tive target.
The calibration of the reﬂective targets is performed using the
laser scanning RIEGL LMS Z390i. The geometric coordinates of
the center of the targets are automatically detected using intensity
segmentation algorithm implemented in the RISCAN PRO soft-
ware, provided with the RIEGL scanner. The measurements of the
center of the coordinates are repeated six times to evaluate preci-
sion. Precision was calculated as the standard deviation of the six
performed measurements. A similar procedure is carried out for
the thermal targets changing the laser scanner and the RISCAN
PRO software for the photogrammetric software PHOTOMODEL-
ER PRO v5. Table 1 shows the results of both calibrations.25
Fig. 2. Scheme with the reﬂective and thermal targets of the scale bars.
Table 1
Targets calibration.
RGB image Thermal image
Coordinate (m) Precision (m) Coordinate (m) Precision (m)
Target 1 X = 0.000 X = 0.001 X = 0.000 X = 0.004
Y = 0.000 Y = 0.001 Y = 0.000 Y = 0.003
Z = 0.000 Z = 0.001 Z = 0.000 Z = 0.005
Target 2 X = 0.015 X = 0.001 X = 1.371 X = 0.015
Y = 1.406 Y = 0.002 Y = 0.021 Y = 0.018
Z = 0.043 Z = 0.001 Z = 0.137 Z = 0.019
Target 3 X = 0.104 X = 0.001 X = 0.034 X = 0.009
Y = 0.008 Y = 0.002 Y = 1.790 Y = 0.007
Z = 1.784 Z = 0.001 Z = 0.085 Z = 0.016
Target 4 X = 0.122 X = 0.001 X = 1.352 X = 0.012
Y = 1.393 Y = 0.003 Y = 1.751 Y = 0.012
Z = 1.720 Z = 0.001 Z = 0.051 Z = 0.020
H. González-Jorge et al. / Infrared Physics & Technology 55 (2012) 421–426 423Thermal calibration exhibits good repeatability although slightly
poorer that that achieved with the laser scanning.
3. Methodology
The procedure developed in this paper for image rectiﬁcation
using thermal scale bars is tested by comparisonwith the procedure
that joins thermal and laser scanning data [12]. Geometric charac-
terization with laser scanner is very accurate and it is used as the
ground truth for this research. The surveying of thermographic
images and laser scanning data is performed for one of the façades
of the School of Mining Engineering in the University of Vigo.
3.1. Laser scanning and thermal imaging (ground truth)
The fusion of laser scanning and thermal imaging is a novel
method to obtain both metric and thermal information from
images.
First step is the metric calibration of the camera to determine
the geometric model of the camera, described by its interior orien-
tation parameters [14]. This calibration must be also combined
with a thermal calibration of the camera using a black body. The
calibration procedure adopted by the authors consists on a low
cost and portable planar array.
The calibration ﬁeld consists on a wood plank with a surface of
approximately 1 m2 and 64 light bulbs, chosen due to their suitabil-
ity for being detected by the thermographic camera. Light bulbs are
disposed in an 8  8 array. The position of each bulb (thermal tar-
get) is evaluated through their image barycenter (temperature pre-
sents a radial distribution). The algorithm for the thermographic
camera calibration is based on the self-calibration bundle adjust-
ment method [22]. The calibration data acquisition is performed in-
doors under restricted temperature and illumination conditions to
avoid the effects of external radiation or spurious reﬂections in the
measurement. The thermographs were processed in the photo-
grammetric station PHOTOMODELER PRO v5.
Thermographic surveying of the building façade is realized be-
fore sunrise to avoid surface heating by direct radiation from thesun. Thermographs are taken with the same focus the camera is
calibrated for, from an orthogonal position respecting to the con-
sidered façade (approximately 15 m). The acquisition time for the
thermal imaging and the installation of the scale bars is 5 min.
After ﬁeld data acquisition a pre-processing of the thermographs
is developed with MATLAB v7.0.1. The purpose of this treatment
is to convert the thermographs from the camera format into a color
image. The steps included in this process are the following:
 Temperature scale selection. Thermographic images are ana-
lyzed and found temperatures are evaluated in order to choose
the optimal temperature interval for representation. In this
case, as the building façade is made of a metallic material, the
sky is reﬂected on it, therefore radiation captured from it by
the thermographic camera corresponded to a temperature of
30 C. This, together with the fact that ambient temperature
and humidity in the moment of the survey were 3 C and 50%,
made that the temperature interval chosen for representation
was 5–30 C, as shown in Fig. 3.
 Temperature digitalization. A scale of 1/35 is applied to the
matrix values to arrange them between 0 and 1 and make the
representation of the thermal data as an image.
 Color palette. A color palette is applied to the thermographs.
This palette consists on a 256  3 matrix.
Fig. 3 shows one of the thermographic images used for these
work.
The ﬁrst step of a laser scanning project is planning the location,
number of scan positions and scanning resolution in order to make
the data acquisition and processing as much efﬁcient as possible. In
this case, only one scan position is required to scan the façade of
the building. Scanning time was approximately 8 min with a reso-
lution of 0.05 and a total of 1,891,412 points. Fig. 4 exhibits the
point cloud of the façade.
Point cloud data processing includes cleaning and segmenta-
tion. Isolated points were eliminated and the mesh regularized.
Finally the resulting point cloud is triangulated to develop a 3D
model of the façade using the 2D Delaunay algorithm, explained
in [18]. After this step, thermographs are imported into the scan-
ning project in RISCAN PRO software together with the camera
calibration parameters calculated in the previous steps. The im-
ported thermographic image is registered with the scan. This pro-
cess is done by marking control points in both thermography and
point cloud (a minimum of six points are required; accuracy in-
creases versus the number of marks). RISCAN PRO software cal-
culates the position and orientation matrix with this data. In
addition, taking into account the calibration values of the thermo-
graphic camera, images are undistorted to correct the radial and
decentering distortions, which were previously calculated using
the calibration of the thermographic camera.
Finally, a projection plane is deﬁned, parallel to the façade, and
the textured point cloud is orthogonally projected to it. The orth-
othermogram is the ﬁnal result of this methodology and includes
the combination of thermal and metric information, to measure
temperatures and geometry (Fig. 5).26
Fig. 3. Thermographic image of the façade of the School of Mining Engineering in the University of Vigo. A RGB image of the building is also depicted to make it more
understandable. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Point cloud of the façade.
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One of the simplest photogrammetric procedures is based on
image measurements from single-rectiﬁed photographs. A rectiﬁed
image requires the correction of the original photo displacement
due to the projection and perspective distortions introduced by
the lens of the camera (rectiﬁcation). After the rectiﬁcation pro-
cess, the orthoimage can be used like a map for the measurement
of distances and areas with constant scale. This method opens the
possibility of using any digital camera without previous calibration
and using any image format. The core algorithm of the procedure is
the plane projective transformation.Fig. 5. Orthothermogram obtained from the combination of laser scanning and thermal
the method.X ¼ a0 þ a1x
0 þ a2y0
c2x0 þ c2y0 þ 1 Y ¼
b0 þ b1x0 þ b2y0
c2x0 þ c2y0 þ 1 ð1Þ
where X and Y are the geometrical coordinates of the object, x0 and
y0 are the pixel coordinates in the photograph, and a0, a1, a2, b0, b1,
b2, c1 and c2 are the coefﬁcients of the projective matrix.
Coefﬁcients are evaluated using four plane control points, in
this case the four thermal targets previously calibrated. The
solution that is adopted here (see Section 2.3) uses four multipur-
pose photogrammetric targets for RGB and thermal imaging. The
thermographic image used for single image rectiﬁcation is the
same previously used for the fusion of laser scanning and thermalimaging. It includes the segments of the image to be measured for the validation of
27
Fig. 6. Orthothermogram obtained from single image rectiﬁcation using the multipurpose scale bars with reﬂective RGB and thermal targets. It includes the segments of the
image to be measured for the validation of the method.
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plane projective transformation is developed in MATLAB v7.0.1.
The orthothermogram resulting from image rectiﬁcation is shown
in Fig. 6.Fig. 7. Error and precision tests.4. Results
The validation of the method based on thermal imaging and
thermal scale bars is done by means of precision and accuracy
measurements of seven segments of the image (Figs. 5 and 6). Pre-
cision shows the degree of reproducibility of the measurements
and accuracy the degree of veracity.
Precision test consist on the evaluation of the statistical varia-
tion of the seven segments under study for the images. Measure-
ments are repeated ten times. Standard deviation of the different
segments has been evaluated to determine the robustness of the
algorithm and the inﬂuence of evaluation of the geometric center
of the thermal targets. Geometric centers of the targets are calcu-
lated using image processing techniques based on the centroid
determination of the ellipsoid. Previously the human operator
must select a square region of interest around each target of the
image to make center determination easier for the algorithm.
Accuracy test consists on the comparison between the ground
truth values (laser scanning and thermal imaging) and the values
obtained from the thermographic image rectiﬁcation for each seg-
ment. Accuracy is mathematically expressed as an error value and
deﬁned as the subtraction between the ground truth and the esti-
mated values from thermal image rectiﬁcation.
Fig. 7 exhibits the error and precision values obtained for this
work. Precision is depicted by means of the error bars on the graph.
Error values range between 44 mm and 151 mm. A linear regres-
sion of the error data is calculated to evaluate the trend with the
length data. As typically occurs in all dimensional measurements,
the error data increase with the length data. Predictions show that
an error of approximately 150 mm will be obtained in a façade of
10 m. This error is acceptable in measurements in facades, given
the dimensions and precision requirements common in the con-
struction industry, and the small difference this error value can
cause in energy consumption calculations.
Precision study is very important to determine the reproducibil-
ity of the technique, since there is some human interventionduring the process of target marking. Deviation values range
between 22 and 61 mm which appear to be under the precision
limits required for this technique. This fact demonstrates that the
image processing algorithm implemented in MATLAB v7.0.1 for
the targets’ centroid determination is robust and reliable.
On the other hand, the segments under study are drawn in dif-
ferent orientations: horizontally (S3 and S5), vertically (S2 and S4)
and diagonally (S1, S6 and S7). There is not any special trend of the
results with the orientation of the segment under study, which
reinforces the validity and robustness of the method.5. Conclusions
This article describes a low cost technical procedure to obtain
simultaneously thermal and geometric information from the ther-
mal imaging in façade inspections. The central core of the proce-
dure is the scale bars speciﬁcally developed for this work. These
scale bars include thermal targets which can be detected with a
thermographic camera during the thermal surveying. The scale
bars are portable, so that they can be used in any building inspec-
tion without special transport dependency.
The technique is validated by comparison with a methodology
that combines laser scanning and thermal imaging to obtain geom-
etry and temperature information from façades. This technique is
very accurate especially due to the quality of the laser scanning28
426 H. González-Jorge et al. / Infrared Physics & Technology 55 (2012) 421–426data. Comparison is done by the measurement of accuracy and pre-
cision parameters in seven segments of the façade easily traced.
Error results show values between 44 mm and 151 mm and
precision values between 22 mm and 61 mm for a maximum
length under study of 7259 mm. These values seem to be accurate
enough for simple inspections in façades and improve the metric
possibilities of the thermal imaging.
This technique can also be easily applied to the inspection of
tunnels and bridges providing quantitative results.
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       CAPÍTULO 3 
 
 
AUTOMATIZADO DEL MODELADO TERMOGRÁFICO 3D A 
TRAVÉS DE TÉCNICAS DE FUSIÓN DE IMAGEN Y DE 
RECONOCIMIENTO DE PUNTOS HOMÓLOGOS 
 
 
Resumen: 
 
La termografía infrarroja ha demostrado ser una técnica adecuada para la inspección de edificios, 
ya que puede ser usada para determinar la eficiencia energética y para detectar defectos en 
construcción. La geometría y las relaciones espaciales también son muy importantes en la 
inspección de edificios porque posibilitan la localización de defectos térmicos y la medición de 
las áreas afectadas.  
En este artículo se describe un procedimiento para la fusión automática de mosaicos termográficos 
e imágenes visibles de cara a combinar información geométrica con datos térmicos en la misma 
imagen. Las imágenes fusionadas se usan para la generación automática de un modelo 
termográfico 3D del edificio a través del reconocimiento automático de puntos homólogos, en el 
que, además de disponer de información termográfica se pueden realizar mediciones geométricas. 
La metodología propuesta es adecuada para la inspección de edificios, en los que el espacio y el 
tiempo de trabajo suelen ser limitados, por lo que la reducción en el número y tamaño de los 
instrumentos es muy valorado. Además, la automatización del procesado disminuye el error en 
los resultados al eliminar la influencia del operador humano. 
 
Palabras clave:  
Termografía infrarroja, fusión de imagen, reconocimiento automático de puntos homólogos, 
geometría, edificio 
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Infrared thermography has proved to be an adequate technique for building inspection, as it can be used to
determine energy efﬁciency and also to detect defects in construction. Geometry and spatial relationships
are also very important in building inspection because they make location of thermal defects and measure-
ment of affected surfaces possible. A procedure to fuse automatically generated infrared mosaics and visible
images to combine geometric information with thermal data in the same image is described in this paper.
Fused images are then used for the automatic generation of a thermographic 3D model of the building
through image matching, where apart from having thermographic information available, geometric measure-
ments can be performed. The proposed methodology is suitable for building inspection, where working space
and time are usually limited so a reduction on the number and size of instruments is appreciated. Further-
more, automation of the process diminishes the error in results by avoiding operator's inﬂuence.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Infrared thermography is the technique of measuring infrared radi-
ation emitted by bodies, proportionally dependent on their superﬁcial
temperature [1]. Thanks to this, it has a wide range of applications,
being nowadays increasingly used in different ﬁelds, such as medicine,
ﬁre detection, mechanical and electrical maintenance, and building in-
spection, among others. A wider review can be found in [2,3].
Referring to building inspection, infrared thermography has
proved to be an adequate technique in measuring surface tempera-
tures, allowing the detection of defects in both a direct way (as is
the case of air leaks, heat losses, and even structural defects such as
cracks), and an indirect way (applied for detection of dampness), as
can be seen in [4–8]. The main advantage of thermography for build-
ing inspection is that the measurement is carried out in a continuous
way, avoiding the need of measuring hundreds of points with a con-
tact thermometer [9], and consequently reducing working time.
Nevertheless, infrared thermography alone does not allow the quan-
tiﬁcation of heat losses and the subsequent energetic qualiﬁcation of the
building, which is becoming a requisite for buildings as it is shown by
the apparition of directives such as the 2010/31/CE in the European
Union. Therefore, it would be interesting to complement thermal infor-
mation with geometry, given that energy losses require the knowledge
of both the temperature acquired and the area affected. In order to com-
bine thermographic and metric information, one solution is the fusion
of thermographies with laser scanner point clouds, as can be seen in
[10–12]. However, these methodologies are not practical for small
spaces or in those cases where time is limited.
In order to allow the introduction of a combined thermographic and
metric study in the building inspection procedure with neither includ-
ing new instruments nor increasing working time, this paper presents
a methodology for data combination by transferring to thermography
the latest progress in image matching acquired in the photogrammetry
ﬁeld [13]. It only requires the acquisition of thermographic images of
the area subject of study, and a minimum of two photographs of the
same area (although, if time is not so limited for the study, the acquisi-
tion of a set of four photographs following the principles of convergent
photogrammetry will make the resulting 3D model signiﬁcantly more
accurate [13]). Thermographic images are automatically registered
and included in a mosaic, which is fused with the visible images via
IHS transformation in order to increase themosaic geometric resolution
and allow the application of image matching techniques to the fused
image. The IHS transformation is chosen because of its suitability
to fuse high-resolution panchromatic images with low-resolution
multiband images; in this case grey scale visible images act as high-res-
olution panchromatic images, and thermographic images are treated as
the low-resolution multiband images. A deeper explanation of this and
other image fusion techniques can be found in [14].
Image registration is performed using features extracted with the
FAST (Feature Accelerated Segment Test) operator algorithm pres-
ented in [15], that allows the detection of interest points by searching
through small patches those pixels more likely to be corners. As it has
been stated in [15] and [16], this operator not only is faster and re-
quires less computation effort than other similar operators with the
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same basis, but it also outperforms those operators regarding the de-
tection of interest points in different images of the same 3D scene.
This operator was especially designed for real-time frame-rate photo-
grammetry and computer vision, as it requires faster techniques, and
took as basis earlier operators that also perform searches of interest
points by studying the performance of neighbourhoods, such as the
Harris operator and SUSAN (Smallest Univalue Segment Assimilating
Nucleus) operator, [17,18]. The FAST operator, as the SUSAN operator,
achieves higher speed because it does neither compute the deriva-
tives of the image function, which is done by the Harris operator
and the Föstner operator [19], nor convolute the image with Differ-
ence of Gaussians (DoG) kernel as done by Lowe and the SIFT feature
detector [20,21].
Image matching techniques are used in photogrammetry for the
automatic generation of clouds of points directly from photographs.
They typically consist of a search algorithm for identical patches be-
tween a pair of images of the same object from parallel positions,
therefore the higher the geometric resolution, the higher the quality
of the resulting point cloud; this fact justiﬁes the use of fused images
instead of applying image matching algorithms directly to thermog-
raphies (which present low geometric resolution).
A metric measurement is also needed in the presented methodol-
ogy, which can be performed with the laser distance meter typically
included in building energetic audits so that the use of the already
used instruments is optimized.
The paper is organized as follows: Section 2 explains the instruments
used for data acquisition and theworkingmethodology, both for data ac-
quisition and for data processing; Section 3 describes and analyses the
products resulting from the methodology, that is, a thermographic 3D
model for the thermographic visual inspection, the exact location of
thermal anomalies in the reality of the façade, and the performance of
geometric measurements, and an orthothermogram, combining both
thermal and geometric information in a 2D-map format. Finally,
Section 4 includes the conclusions drawn after the performance of the
proposed methodology to a case of study.
2. Material and methods
The proposed methodology was applied to the study of a building
façade in Vigo (Spain), made of concrete and covered with small sto-
nes (Fig. 1).
Image acquisition was developed using a thermographic camera
NEC TH9260, and a visible camera Nikon D200, with a 20 mm lens.
Technical characteristics of these cameras are shown in Tables 1
and 2.
Image registration, thermographic mosaic generation and image
fusion were developed using MatLab ® software; while image
matching and 3D modelling were carried out using Photomodeler
Scanner©, a digital photogrammetric station that allows manual
point restitution and also restitutes points automatically by applying
an image matching algorithm.
2.1. Data acquisition
As the objective of this study is the combination of thermal and
geometric data, there are several requisites to accomplish in order
to perform data acquisition correctly.
If insulation defects or humidity areas are to be detected, it is re-
quired that the façade surface is not artiﬁcially heated by direct radi-
ation of the sun; therefore the thermographic survey should be
carried out before sunrise. In addition to this, it must not have rained
24 h prior to the survey, so that wet surfaces identiﬁed by their differ-
ent temperatures comparing with that of their surrounding areas, are
due to interior dampness and not to rainwater [1].
From the photogrammetric point of view, data acquisition should
be divided in two different processes, depending on the kind of image
to be taken:
a. Thermographic image acquisition. In this case, the objective is to
generate a thermographic mosaic in a semi-automatic way; in
order to have enough and high quality corresponding points, con-
secutive images should have a high overlapping surface (80–90%),
and be all taken from the same angle regarding the façade (Fig. 2).
This way, the correction of perspective effects, distortions in the
borders of the images and pixel size needed for mosaic generation
is facilitated.
b. Visible image acquisition. Visible images are taken in order to pro-
vide geometric resolution in the fused images. Given that they will
only be used for image matching after their fusion with the regis-
tered mosaics, visible image acquisition must include two images
of the façade from the same angle, named overlapping pairs [22]
Fig. 1. Overlapping pair of the façade under study. As it can be seen, the lower part is
mainly covered by windows, while the upper part is made of small stones.
Table 1
Technical characteristics of the thermographic camera NEC TH9260 used in this
project.
CAMERA NEC TH9260
Temperature range −20 to +500 °C
Thermal sensitivity 0.06 °C @ +30 °C
Detector 640×480 UFPA
Spectral range 8–14 μm
Spatial resolution 0.6 mrad
Field of view 21.7° (H)×16.4° (V)
Image frequency 30 Hz
25S. Lagüela et al. / Automation in Construction 27 (2012) 24–31
32
Author's personal copy
due to their high overlapping surface. In addition to the over-
lapping pair of images (Fig. 1), the photogrammetric survey is
completed with the acquisition of two more images from angles
of 45° and 135°, following the principles of convergent photo-
grammetry as explained in [23]; these images allow a more ac-
curate image orientation for the subsequent image matching
process.
Given these requisites, thermographic and visible image acquisi-
tions are independent processes, having only in common the distance
between camera and object, that is, thermographic and visible images
were acquired from the same position at a distance of 20 m from the
façade under study.
In addition to image data acquisition, a simple metric measure-
ment has to be carried out to make the scaling of the project possi-
ble, as it will be explained in Subsection 2.5. This measurement can
be performed with a laser distance meter, which is a small, light
and easy to carry instrument, adequate for energetic building
inspection (and already usually included in the energetic audits
equipment nowadays).
2.2. Thermographic images registration
Prior to image registration, a temperature interval is chosen to
have the same representative temperature scale for all the images:
in the case under study, the façade presented temperatures between
38 and 19 °C. This interval was associated to the colour palette, apply-
ing the lowest temperature (19 °C) the dark blue colour; the highest
temperature (38 °C) is associated to the dark red colour; colours
vary between these extremes (from blue to green, yellow, orange
and red) as temperature values increase.
Image registration is performed in a semi-automatic way, as the
only contribution of the operator is the choice of the interval area
and the visual checking. This last step could be eliminated from the
process, but it reduces the computing time considerably. The image
registration process includes the following steps:
1. Feature extraction. Characteristic points, such as corners, are
detected in each image with the FAST (Features from Accelerated
Segment Test) operator algorithm [15,16], which provided good
results even when thermographies are low‐resolution images,
with only 307,200 pixels (Table 1). Therefore, corresponding
points are detected in all images, regardless their pixel value
(as the FAST operator studies the probability of a central pixel
in a small patch of being a corner, the interest point only has
to be different from its neighbours in order to be detected, and
its absolute value is not determinant). This is a very important
characteristic in thermographic images, in which the same
point can present slightly different temperature values in consec-
utive images, as a function of the live response of the bodies.
What is more, as it is stated in [16], this operator needs less
time and computation than other similar algorithms, such as
Fostner and SUSAN operators, presented in [19] and [18]
respectively.
2. Overlapping region selection. This step is included with the aim of
reducing computing time, as the search area is reduced to the com-
mon region, and is carried out by the operator. Therefore, the oper-
ator is required to choose the common region between
consecutive images, so that picture edges and misplaced points
are eliminated.
Regarding data acquisition, the overlapping region selection step
allows the reduction of the overlap area between consecutive im-
ages, as the parameters of the point's extraction operator can be
deﬁned exclusively for this area, optimizing the number of points
detected.
3. Feature matching. Corresponding points are detected using area-
based matching, explained deeper in [24]. Therefore, for each
characteristic point in one image, a search area centred in it is iso-
lated from the rest of the image, and compared with all the search
areas from the consecutive image. In this case, and following the
results published in [25] that state that no difference is found in
results obtained using search areas increasing from 7×7 to
20×20 pixels, the chosen size for search areas is 7×7 pixels, in
order to obtain better results with lower time and computation
consumption.
A value of correlation is calculated for each pair of points within
the search area, with the following equation that deﬁnes the nor-
malized correlation coefﬁcient (Eq. (1)). In this equation, search
areas are denoted with letters f and g, and i represents each
Table 2
Technical data of the visible camera used for image acquisition; model Nikon D200,
with a 20 mm lens.
CAMERA NIKON D200, 20 mm lens
Sensor CCD 12 Mpixel
Format 23.7×15.7 mm(3872×2595 pixel)
Weight 830 g
Storage Flash memory card
LCD monitor 2.5 in.
Principal distance 20 mm
View angle 70°
Fig. 2. Example of two consecutive thermographic images with an overlapping area
covering 90% of each image.
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pixel in the matrix, going from position 1 to position 49 (n=49),
as matrix size is 7×7.
γ ¼ σ fg=sqrt σ f  σg
 
¼∑i f–μ f
 
 g–μg
 
=sqrt ∑i f–μ f
 2 ∑i g−μg
 2  ð1Þ
where the arithmetic mean of the grey values of the pixels includ-
ed in the search areas, μf and μg are deﬁned as: μf=∑ifi /n; and
μg=∑igi /n, respectively.
The best ﬁt position is considered as the one where the correla-
tion coefﬁcient is closer to 1.
In this project, the minimum value of the correlation coefﬁcient
σ=0.80 is set to eliminate mismatching pairs, and for each point
in one image, the point of the other image where the higher correla-
tion coefﬁcient is acquired is considered as its corresponding pair.
4. Visual veriﬁcation. Given that the maximum correlation coefﬁcient
value does not always imply the points match each other, a visual
veriﬁcation is carried out, so that the operator checks the point's
pairs (Fig. 3), validating the right ones and eliminating those
mismatching.
5. Image transformation. When corresponding points are identiﬁed
for a pair of images, the second image is registered with the
other, acquiring its coordinate system, and characteristics (per-
spective, distortion), therefore adopting the orientation parame-
ters adequate for the mosaic. This step is essential for mosaic
generation, as the calculation of the relative positions of consecu-
tive images is needed to know the exact location of the different
images in the ﬁnal mosaic. What is more, the correction of the dif-
ferent distortions and scales allows the generation of a mosaic
with higher quality, as overlapping areas will only need radiomet-
ric correction in order to go unnoticed.
The transformation method used in this process is the projective
transformation, which requires a minimum of 4 pairs of points
for calculation.
The projective transformation method sets a relationship between
each pair of input and the output points deﬁned as in Eqs. (2) and (3):
x′ ¼ x  h1þ y  h2þ h3ð Þ= x  h7þ y  h8þ h9ð Þ ð2Þ
y′ ¼ x  h4þ y  h5þ h6ð Þ= x  h7þ y  h8þ h9ð Þ ð3Þ
where h1–h9 are the transformation coefﬁcients; (x, y) are the coor-
dinates of the points in the unregistered image, and (x′, y′) are the
transformed coordinates of the points in the reference image coordi-
nate system.
2.3. Thermographic mosaic
Once all the thermographic images are registered, a mosaic is
generated by placing each image in its corresponding place, which
is known thanks to the image registration steps previously devel-
oped in the methodology (Subsection 2.2), with which relative posi-
tion and orientation between consecutive images is obtained. The
overlapping regions between adjoining images are speciﬁcally calcu-
lated in order to avoid edge seam, which would be obvious if the
pixel values in these areas were directly calculated as the pixel aver-
age of the images included in this region. In order to reach this ob-
jective, a Linear Transition Method, similar to the one used in [26],
is employed in this paper: if images are next one another, in the
same row, we denote as Xmin the minimum value of X in the over-
lapping area, and as Xmax the maximum value of X. Naming Ai the
value of pixel i in image A, and Bi the value of the same pixel in
image B, the value of the pixel in the mosaic Mi, with an X coordinate
named Xi, is calculated as:
Mi ¼ Xmax–Xið Þ= Xmax–Xminð Þ  Ai þ 1– Xmax–Xið Þ= Xmax–Xminð Þð Þ  Bi ð4Þ
If images are in the same column, that is, if the overlap is vertical,
the same equation is applied but the values in the Y axis are intro-
duced (Ymin, Ymax, Yi).
Fig. 3. Visual veriﬁcation: the same point (red circle highlighted with a red rectangle) is detected and correlated in two consecutive images. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 3
Calibration parameters of the semimetric camera Nikon D200 with 20 mm lens.
Focal length 20.7383 mm
Format size 23.9012×16.0000 mm
Image size 3872×2592 pixel
Principal point X 11.8011 mm
Y 8.2160 mm
Radial lens distortion K1 2.689 e-4
K2 −4.002 e-7
Tangential lens distortion P1 −2.262 e-6
P2 −2.235 e-6
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The thermographic mosaic will be registered and fused with the
visible images acquired with the Nikon D200 camera so the mosaic
is generated with the same image and pixel sizes (shown in
Table 3) as if it was only an image acquired with this camera, with
the aim of making image fusion a simpler task. Therefore, image
size is 3892×2592pixels, and pixel size is 0.00617 mm/pixel both
horizontally and vertically.
As it is explained in Subsection 2.1, the building façade is thermo-
graphically represented by the acquisition of thermographies with an
overlapping region of 80–90% between them. Therefore, given the
size of the thermographic sensor (Table 1), the mosaic consists of
nine thermographies, as it can be seen in Fig. 4.
2.4. Image fusion
After thermographic mosaic generation, the ﬁrst step is to register it
with each visible image composing the overlapping pair that will be
subject of the image matching algorithm. This image registration step
is the same that was carried out for registering the thermographic im-
ages, so it includes the following processes: feature extraction using
the FAST operator, correlation coefﬁcient calculation, feature matching
based on the results of the correlation coefﬁcient for each pair of points,
visual veriﬁcation of point pairs, and image transformation with a min-
imum of 4 common points between the thermographic mosaic and the
visible image as the projective transformation method is used. The reg-
isteredmosaic (Fig. 5 (middle)) is in the same coordinate system as the
visible image taken as the base, and has the same perspective and dis-
tortion characteristics; this makes the image fusion possible.
The second step is to subject the registered mosaic to an image
conversion from its RGB format to the IHS format (Intensity, Hue,
and Saturation), which is based on Eqs. (5) to (7), [27]:
I ¼ Rþ Gþ B ð5Þ
H ¼
G ¼ B=I−3⋅B if B ¼ min R;G;Bð Þ
B−R=I−3⋅R if R ¼ min R;G;Bð Þ
R−G=I−3⋅G G ¼ min R;G;Bð Þ
8<
: ð6Þ
S
I−3⋅B=I if 0≤H≤1
I−3⋅R=I if 1≤H≤2
I−3⋅G=I if 2≤H≤3
8<
: ð7Þ
where R, G, and B represent the values of the Red, Green and Blue
channels, respectively, of the image; and I, H, and S stand for the In-
tensity, Hue and Saturation channels of the converted image. An ex-
ample of this conversion is shown in Fig. 5 (right).
In addition to this, the visible image is converted from its RGB for-
mat to a mono-channel grey scale.
After these image conversions, the I channel (Intensity) of the
thermographic image is replaced by the visible image in grey scale;
the last step of the process is the image conversion from IHS with
grey scale visible image in the place of the Intensity channel to RGB,
using the inverse of Eqs. (5) to (7).
The result of this process, is a fused image (Fig. 6), with thermal
information from the thermographic mosaic and the geometrical res-
olution of the visible image. The whole image fusion process, includ-
ing thermographic mosaic generation, is summarized in the workﬂow
included in Fig. 7.
2.5. Image matching
Once the thermographic mosaic has been registered with an over-
lapping pair of visible images of the façade under study, and the conse-
quent fused images have been obtained, the 3D surface reconstruction
can be carried out using imagematching techniques. This process is de-
veloped using Photomodeler Scanner©, and is based on a Dense Surface
Modelling algorithm for searching identical image patches in a pair of
overlapping images based on correlation [13].
The pair of fused images is introduced in the software, together
with two more visible images taken from angles of 45° and 135° (as
explained in Subsection 2.1) with the aim of obtaining a more accu-
rate image orientation result. The camera calibration parameters are
also necessary for correcting the distortion and perspective defects
of the images; as the thermographic mosaic has been registered tak-
ing the visible images as a base, fused images have the same charac-
teristics as if they had been directly acquired with the semimetric
camera Nikon D200; therefore, the calibration parameters of this
camera are introduced (Table 3).
Images are oriented by marking common points and applying the
collinearity condition as in [28]. This condition states that any object
Fig. 4. Detail of the thermographic images that compose the mosaic, whose size is
3892×2592 pixels, and pixel size is 0.00617 mm/pixel. The area was divided in nine
images: 3 columns and 3 rows. Images in each row are represented in different colours.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
Fig. 5. Example of image evolution during the image fusion process: from thermographic mosaic (left), to registered image (middle) and IHS format converted (right).
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point, its photo image and the perspective centre of the camera lie in the
same straight line, andmakes possible the calculation of the relative po-
sitions between the different images and also referring to the object;
further explanation can be found in [13] and [29], where these equa-
tions are applied to the 3D modelling of timber structures. The next
step consists of scaling the model so that it presents real distances be-
tween its points. This can be done from the coordinates of 3 known
points or from a known distance between two points; this data is col-
lected during data acquisition.
The project, once images are oriented and the distances are in a
real scale, is idealized. This procedure, essential for the subsequent
image matching, consists of re-mapping the images, pixel by pixel,
to remove any distortion introduced by the lens, modify pixels to a
square form, and move the principal point of the image to the
image centre.
Finally, image matching is developed using a Dense Surface
Modelling algorithm. This algorithm carries out a search for identical
patches between images in a regular grid, and when a good match is
found the correct spatial location of the surface point is computed.
When the search is ﬁnished, the result is a point mesh of the object
(in this case, the façade) obtained automatically, consequently
avoiding human errors associated to common manual point restitu-
tion (Fig. 8). Furthermore, as images have a big overlapping area
(80–90%), the algorithm can ﬁnd good matches in a big proportion
of pixels, and surface points are computed for almost every pixel in
the overlapping area of the images, so the resulting point mesh pre-
sents a higher value of point density than in a manually restituted
point cloud.
The generated point mesh needs to be processed for noise reduc-
tion and elimination of redundant points. Next, the point mesh is
triangulated, that is, transformed from a cloud of independent
points to a solid model made of triangles [30]. These triangles are
textured with the fused images so that the model, apart from
being metrically representative of the façade (geometric measure-
ments can be performed on it instead of physically measuring the
façade), provides thermal information of the condition of the façade
(Fig. 9).
Nevertheless, in order to facilitate both the direct measurement of
distances and the thermal defect detection in the model, it is projected
on a plane parallel to the façade, giving an orthothermogram as a result
(Fig. 10). The whole process of generating a thermographic 3Dmodel is
summarized in Fig. 11.
Fig. 6. Overlapping pair of fused images.
Fig. 7. Workﬂow including the ﬁrst steps of the methodology presented, from thermographic images registration to thermographic mosaic generation and image fusion.
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3 . Results and discussion
The thermographic inspection of the façade destined to the gen-
eration of a thermographic mosaic requested the acquisition of 9
thermographies, since the overlap between consecutive images is
between 80 and 90%, the ﬁeld of view of the camera is
21.7°×16.4° (Table 1), and the distance between the camera and
the façade is set on 8 m in order to keep a thermal detail that allows
defect detection. Referring to visible images, a set of four images is
used for image orientation, two from an angle of 90° with the
main plane of the façade, one from 45° and another from a 135° po-
sition; the 45° and 135° images are only used to get a more accurate
orientation of the images involved in the model, and the two images
taken orthogonally to the façade are subjected to image fusion with
the thermographic mosaic, resulting in an overlapping pair of fused
images (Fig. 6).
Fused images are high geometric resolution images when com-
paring to the original thermographies thanks to the geometric reso-
lution provided by the visible image, and they also present the
thermal information from the thermographic mosaic. The processes
applied to the original thermographic images (mosaic generation,
image fusion) reduce their thermal resolution so that small details
can go unnoticed. Nevertheless, building inspections aim not at the
detection of small details but at a diagnosis of the state of the build-
ing, and the ﬁnal thermal resolution achieved with this methodolo-
gy allows the detection of conﬂictive areas, providing the inspector
the information needed for the location of important heat losses
and damp areas, and also serving as a guide for subsequent more
detailed inspections.
The dense surface modelling image matching technique is applied
to the fused images with a sampling rate, or distance between points,
of 9.59 mm and a matching region radius, or size of the correlation
area, of 9 mm. The resulting point mesh included 71,807 points
(Fig. 8), including noise and redundant points. After mesh denoise
and decimation, the point mesh consisted of 57,574 points, which
means that 80.18% of the original points presented high accuracy.
The processed point cloud is triangulated in order to be converted
to a solid 3D model (Fig. 9), and then projected on a plane parallel to
the façade. The resulting image is called orthothermogram (Fig. 10);
it is a map of the façade with thermographic texture, on which direct
geometric measurements and thermal defect detection can be
performed.
Through the thermographic interpretation it can be seen that
the façade under study does not suffer from dampness, given that
no cold areas appear in the surface. The hot part under the win-
dows (appearing in red colour) shows the effect of the heaters on
the façade, because that is their location. Surfaces with high reﬂec-
tivity need a careful interpretation, as it is shown on the windows;
they appear to have different temperatures throughout the glass
surface, but this is only the effect of the building in front of the fa-
çade under study (Fig. 12), which is reﬂected on the glass of the
windows.
Fig. 8. Point mesh obtained from the application of a Dense Surface Modelling algo-
rithm to the overlapping pair of fused images.
Fig. 9. Detail of the thermographic 3D model of the façade under study.
Fig. 10. Orthothermogram of the façade.
Fig. 11. Workﬂow for the generation of the thermographic 3D model and the
orthothermogram taking as an input an overlapping pair of fused images (IR+visible).
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4 . Conclusions
As a result of the methodology proposed in this paper, different
products are generated. First of all, a feature extractor operator is used
for the semi-automatic image registration of the thermographic images;
featurematching (that is, search of corresponding points in overlapping
images) is done by applying an area-based technique (cross-correla-
tion) to small patches around each extracted interest point. The result
of this process is a thermographic mosaic keeping the thermal detail
of the original thermographies in only one image of a greater size,
which reduces posterior processing time.
Image fusion is applied to the combination ofmetric and thermal in-
formation with the objective of generating thermographies with higher
spatial resolution. As a consequence, fused images resulting from the fu-
sion of the thermographic mosaic with visible images present colour
resolution from thermographies, which vary depending on the singu-
larities of the object studied; and spatial resolution from photographs,
which depends on the detector of the camera they are taken with, but
is always higher than that of the thermographies. As for themosaic gen-
eration step, the fusion process is performed in a semi-automatic way,
given that control points are detectedwith the FAST operator for feature
extraction and the correlation coefﬁcient. This automatic image regis-
tration is supervised by an operator, who eliminates mismatching con-
trol pairs. Image fusion is developed automatically, so the operator's
inﬂuence in the whole process is kept to a minimum.
Fused images can be subjected to an imagematching algorithm for 3D
surface recognition, so that after image orientation, a point cloud is auto-
matically obtained from the images. Image matching algorithms are one
of the latest advances in photogrammetry and remote sensing, and now
their applicability to fused thermographic images is demonstrated. The
point cloud is processed to generate a solid 3Dmodelwith thermographic
texture, and its subsequent orthothermogram. The thermographic 3D
model includes metric and thermal information, therefore standing dis-
tance and surface measurements, and thermographic analysis.
These orthothermograms include metric and thermal information
so that not only distances can be directly measured on them, but also
surface temperatures, in a map format (which means they present a
unique scale, with no distortion and perspective effects). What is
more, since thermography allows the detection of damp areas and air
leaks, they are all accurately located, and therefore they can be used
as a guide by the energetic inspector for decision making and in subse-
quent inspections.
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       CAPÍTULO 4 
 
 
MODELADO TERMOGRÁFICO BASADO EN IMÁGENES  
PARA LA EVALUACIÓN DE LA EFICIENCIA ENERGÉTICA DE 
FACHADAS DE EDIFICIOS 
 
 
Resumen: 
 
Este artículo describe una nueva estrategia para el modelado basado en imágenes usando 
imágenes termográficas y aplicado a la realización de estudios de eficiencia energética de 
fachadas de edificios. El procedimiento propuesto es automático y permite la obtención de 
modelos termográficos tridimensionales y ortoimágenes, las cuales pueden usarse para la 
evaluación de la eficiencia energética de fachadas de edificios. Se refuerza el procedimiento 
fotogramétrico clásico mediante su combinación con algoritmos de visión por ordenador, 
especialmente en los procesos de reconocimiento de puntos homólogos en imágenes y generación 
de superficies densas, de modo que presentan un alto rendimiento cuando se aplica a imágenes 
termográficas.  
Los resultados experimentales, obtenidos mediante la aplicación de la metodología propuesta a 
un caso de estudio como la Escuela Politécnica Superior de Ávila (España), demuestran el 
potencial de la misma. 
. 
 
 
Palabras clave:  
Eficiencia energética, edificios, modelado basado en imágenes, termografía, modelo denso 
tridimensional, ortoimagen, desarrollo de software 
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a  b  s  t  r  a  c  t
This  paper describes  a  new  approach  for image-based  modeling  based  on  thermographic  images  and
applied  to efﬁciency  energy  studies  of  building  fac¸ ades.  The  approach  is  automatic  and allows  obtaining
thermographic  3D  models  and orthoimages,  which  can  be used  to assess  energy  efﬁciency  of  building
fac¸ ades.  The  classical  photogrammetry  approach  is  reinforced  and  combined  with  computer  vision  algo-
rithms,  especially  for the processes  of  image  matching  and  dense  surface  generation,  so  that  they  have  a
robust performance  with thermographic  images.  Experimental  results  presented  here  demonstrate  the
capability  of  the  proposed  approach  using  the  Polytechnic  Advanced  School  of Avila (Spain)  as  a  case  of
study.
© 2013  Elsevier  B.V.  All  rights  reserved.
1. Introduction
The present century is doomed to be the century of energy efﬁ-
ciency in buildings, as shown by the appearance of a high number
of national and international directives in the last few years; for
example, the European Targets 20/20/20, in which a 20% reduction
of energy consumption in buildings is settled for the year 2020.
Nowadays, buildings are responsible for a great percentage of the
total energy consumption worldwide, as well as for the generation
of greenhouse gases in cities; in particular, energy consumption of
services associated to buildings constitutes one third of the total
energy consumption in the European Union, and one third of the
total emissions of CO2, both above the consumption derived from
industrial and transportation activities. What is more, the trend
of productivity in the construction industry portends an increase
on the energy needs. Under these circumstances, and also taking
into account the rise in energy prices that is forcing businesses and
homes to optimize their consumption, building surveys and analy-
sis of the behavior of the envelope are a key issue for the regulation
of energy requirements. However, the performance of accurate and
reliable energy audits for obtaining the energy rating of the build-
ing becomes a more complex task the denser and more intricate the
∗ Corresponding author. Tel.: +34 9920353500; fax: +34 920353505.
E-mail address: daguilera@usal.es (D. González-Aguilera).
nature of their construction is [1]. For this reason, the availability of
accurate three-dimensional maps of the fac¸ ades can make a great
difference in the analysis of energy efﬁciency of building [2].
The incorporation of geometry to energy efﬁciency studies of
buildings has been widely addressed in literature, mainly focus-
ing on the use of non-destructive technologies for the survey and
diagnosis of buildings: from the use of thermographic cameras
alone and their fusion with photogrammetric cameras [3] to the
hybridization of thermography with terrestrial laser scanning tech-
niques [4], which supply great geometric detail of the building
envelope. One of the main advantages of the latter is the gener-
ation of orthothermographies as a result of the registration of the
2D thermographic images into the 3D laser point cloud [5]. Never-
theless, this approach incurs in a high price due to the cost of laser
scanning devices, as well as in the increase in ﬁeld working time,
especially if a terrestrial laser scanner is used.
Recent researches in 3D modeling from images propose the
hybridization of photogrammetric and computer vision techniques
[6,7] with three main keys to success: (i) automation, that allows
the generation of 3D models with no need for the user to perform
the tedious and time-consuming processes of feature identiﬁcation
and matching, image orientation, and point restitution; (ii) ﬂexibil-
ity, enabling the use of any kind of camera (both calibrated and not)
and image (visible, thermographic in any wavelength); (iii) quality,
guaranteeing accurate and reliable results, able to be subjected to
comparison with results obtained with laser scanning techniques.
0378-7788/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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Fig. 1. Polytechnic Advanced School of Avila (Spain). Building fac¸ ades used for assessing energy efﬁciency.
Following the last approach, this paper presents an original
contribution to the ﬁeld of the automation of the thermographic
3D modeling of buildings through the development of a low-cost
methodology supported on proprietary software: PW (Photogram-
metry Workbench). PW allows the conversion from 2D to 3D of
thermographic images, with orthothermographies of the buildings
as ﬁnal product.
In particular, this paper presents an improvement in the capabil-
ities of non-stereoscopic 3D reconstruction and in the use of images
from the IR range of the spectrum through the automation of the
photogrammetric processes of image matching, orientation, dense
point’s reconstruction and orthothermography generation.
This paper is organized as follows: Section 2 describes the mate-
rials and the methods developed; Section 3 outlines in detail the
workﬂow performed through the developed software; Section 4
presents the experimental results including a thermographic anal-
ysis; and Section 5 provides the concluding remarks.
2. Materials and methods
The proposed methodology was applied to the study of the
fac¸ ades of the Polytechnic Advanced School of Avila, a modern
building located in Avila (Spain) (Fig. 1). Image acquisition was
developed using a thermographic camera NEC TH9260. This camera
is able to measure temperatures in the range from −20 to 60 ◦C, with
a thermal resolution of 0.06 ◦C at 30 ◦C (30 Hz). Its detectors form
an Uncooled Focal Plane Array (UFPA), 640 × 480 size. The instant
ﬁeld of view of the camera is 0.6 mrad, and the ﬁeld of vision is of
21.7◦ in the horizontal plane and 16.4◦ in the vertical plane. The
software used for the image-based thermographic modeling is PW,
whereas for the metric calibration of the thermographic camera
the photogrammetric station Photomodeler Pro v6 is applied. The
image-based thermographic modeling pipeline is outlined in Fig. 2.
2.1. Metric calibration of the thermographic camera
The objective of the metric calibration of the thermographic
camera is the determination of the geometric model of the cam-
era, described by its interior orientation parameters. However, in
contrast to the traditional camera calibration methods [8], it is
necessary to calibrate the thermographic cameras with a ther-
mographic calibration ﬁeld. To this end, a speciﬁc planar array
made of wood with a surface of 1 m2 and with 64 light bulbs
(8 × 8 matrix) is used [4] with the objective of having a low-cost
and portable solution for thermographic cameras calibration. The
thermographic camera calibration is performed following a self-
calibration bundle adjustment method by taking several oblique
and horizontal thermographic images around the planar calibra-
tion target. The experiment takes place indoors, under restricted
temperature, humidity and illumination conditions.
2.2. Thermographic data acquisition
A speciﬁc thermographic data acquisition protocol is performed
to avoid surface heating by direct radiation from the sun. In
particular, images are acquired before sunrise and after sunset.
Thermographies are taken with the same focus the camera is cali-
brated for, from an orthogonal position respecting to the considered
fac¸ ade, maintaining a distance (15–20 m)  according to the reso-
lution required and with an overlap greater than 70% between
consecutive thermographies in order to provide image-based mod-
eling capabilities. With the purpose of evaluating the temperature
values measured with the thermographic camera and correct-
ing their possible deviations, the last phase of the thermographic
data acquisition involves the measurement of air temperature and
humidity, together with some direct temperature measurements in
several points corresponding to different materials of the fac¸ ades
with a contact thermometer [9].
2.3. Thermographic image matching
Thermographic image matching represents a special challenge
given the low spatial resolution of the input data, the presence of
marked geometric variations, and, above all, the lack of a direct
relation between the variation in pixel intensity and its radiomet-
ric gradient. For these reasons, classic techniques based on areas
(ABM-area based matching) [10] or least square matching (LSM)
[11] do not result in satisfactory products, making it necessary
to take more sophisticated and robust approaches that present
invariability to geometric and radiometric variations. Algorithms
such as MSER (Maximal External Regions) [12], SURF (Speed Up
Robust Feature) [13], SUSAN (Smallest Univalue Segment Assimi-
lating Nucleus) [14] or the well-known SIFT (scale Invariant Feature
Transform) [15] have already been successfully applied under
adverse conditions. However, these algorithms cannot cope with
images with large distortion caused by perspective effects.
In this case, an alternative to the SIFT algorithm is used: ASIFT
(Afﬁne scale invariant feature transform) [16]. This algorithm
presents more robustness to geometric and radiometric variations
than the original approach, and results in a descriptor invariant to
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Fig. 2. Workﬂow for the image-based thermographic modeling.
scale, rotation, translation and other important afﬁne deformations
between images, such as the tilt angle deﬁned by the inclination
of the optic axis with respect to the normal vector of the image
plane. In particular, this method allows the reliable identiﬁcation
of characteristics subjected to great distortion as a consequence of
the afﬁne transformation deﬁned by the “transition tilt” parameter.
The main decomposition formula that contains the ASIFT descriptor
is expressed below:
A =
[
a b
c d
]
= HR1()T1R2()
= 
[
cos  − sin 
sin  cos 
]
·
[
t 0
0 1
]
·
[
cos  − sin 
sin  cos 
]
(1)
where A is the afﬁnity transformation that contains the scale , the
rotation  (swing) and the perspective parameters corresponding
to the optical axis: ϕ (tilt) = arccos (1/t), angle between the optical
axis and the normal to the image plane and  (axis), the azimuthal
angle between optical axis and a ﬁxed vertical plane.
2.4. Hierarchical thermographic camera spatial resection
With its basis on the feature extraction and matching steps
described above, a thermographic camera spatial resection is per-
formed following a twofold process that integrates both computer
vision and photogrammetry algorithms. The main goal of this pro-
cess is to obtain an approximate orientation of the thermographic
images in an arbitrary coordinate system (computer vision), that
afterwards is globally reﬁned and improved for the whole set of
thermographic images (photogrammetry). First of all, a relative
orientation between pairs of images is provided based on the funda-
mental matrix computation and the algorithm of Longuet-Higgins
[17]. One of the main advantages of the fundamental matrix is that
it is independent from the scene structure, so that it can be com-
puted from correspondences of imaged scene points alone, without
requiring nor the knowledge of the internal parameters of the cam-
era, nor initial approximations of its position. The fundamental
matrix is deﬁned by the following expression:
x′TFx = 0 (2)
for any pair of matching points xi ↔ x′i (exactly 8), Eq. (2) can be
used to compute the unknown matrix F. In particular, writing x = (x,
y, 1) and x′ = (x′, y′, 1)T each point match gives rise to one linear
equation (3) in the unknown entries of F as follows,
x′xf11 + x′yf12 + x′f13 + y′xf21 + y′yf22 + y′f23 + xf31 + yf32 + f33 = 0
(3)
It should be remarked that this approach guarantees total
automatism in comparison with other photogrammetric
approaches in which the deﬁnition of initial approximations
together with the knowledge of the internal camera parameters is
mandatory.
Secondly, and once the angular and spatial position of the
thermographic images is known, a global spatial resection (bundle-
adjustment) of all thermographic images is carried out following
an iterative least square adjustment [18]. This process is supported
by the collinearity condition (Eq. (4)) and incorporates the ground
control points in order to provide an absolute georreferencing of
all thermographic images. These ground coordinates correspond to
artiﬁcial targets placed along the building fac¸ ades, which are manu-
ally identiﬁed in each thermographic image. Optionally, this second
step allows us to consider the internal geometric camera param-
eters (principal distance, principal point and radial distortion) as
unknowns for those cases in which a self-calibration is required.
(x − x0) + x  = −f
r11(X − SX ) + r21(Y − SY ) + r31(Z − SZ )
r13(X − SX ) + r23(Y − SY ) + r33(Z − SZ )
(y − y0) + y  = −f
r12(X − SX ) + r22(Y − SY ) + r32(Z − SZ )
r13(X − SX ) + r23(Y − SY ) + r33(Z − SZ )
(4)
where x, y are the known thermographic image coordinates, Xi, Yi,
Zi constitute the corresponding known ground coordinates of the
artiﬁcial targets, rij are the unknown 3 × 3 rotation matrix elements,
SX, SY, SZ the unknown thermographic camera position, f the prin-
cipal distance, x0, y0 the principal point coordinates and X, Y
the lens distortion parameters. These internal camera parameters
could be known or unknown by the user and thus be introduced as
equations or unknowns (self-calibration), respectively.
2.5. Thermographic dense surface modeling
After the determination of the robust orientation of all ther-
mographic images, a dense surface model or 3D point cloud can
be computed by ray intersection through every point in a thermo-
graphic image and their corresponding homologous points in the
other images. In particular, a pair-wise matching process supported
by the semi-global matching technique [19] and applying the pro-
jective Eq. (5) [20], allows us to obtain a dense surface model with
a resolution of the ground sample distance (GSD), i.e. each pixel of
the thermographic image provides a 3D ground coordinate.
xki = C1(C2(Ri(Xk − Si))) (5)
where X is unknown ground point, x the known image point, R is
the known rotation matrix associated to each image, S is the known
projection center of each image, C1 is the known internal geometric
calibration function, C2 is the known lens distortion function and
the subscripts k and i represent the ground point and the image
number, respectively.
The key to generate a good dense 3D model lies in the SGM
algorithm and obviously in the robust orientations previously
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computed, which provide epipolar constraints [21] and thus
efﬁciency (computational cost) and reliability in the pair-wise
matching process. More precisely, the degree of disparity (paral-
lax) between two homologous pixels is provided along the eight
basic directions (i.e. each 45◦: two horizontals, two  verticals and
four diagonals) through a minimization of an energy function (6)
as follows,
E(D) =
∑
x
(
M (x, Dx) +
∑
x′ ∈ Nx
P1T
[∣∣Dx − Dx′ ∣∣ = 1]
+
∑
x′ ∈ Nx
P2T
[∣∣Dx − Dx′ ∣∣> 1]) (6)
where E (D) is the energy function that must be minimized based
on the disparity D, M is the pixel matching cost function which
evaluates the degree of disparity between the pixel x and its homol-
ogous x′ through the measurement of their disparity Dp, whereas
the terms P1 and P2 are the constraints or penalties that allow avoid-
ing outliers for all pixels x′ in the neighborhood Nx of x, for which
the disparity changes are of one pixel or larger, respectively.
2.6. Orthothermography generation
Finally, once the images are oriented and the surface of the
object is computed by means of dense surface point cloud, the
orthoimage is generated. The photogrammetric process called
orthoprojection basically consists of distorting the original image,
which is a central projection, to eliminate its differences with the
orthogonal projection of the object surface. The correction is given
by a two-dimensional transformation G between the original (ther-
mographic image) and the corrected images (orthothermography),
since the latter is already perfectly georeferenced in the projection
plane. In practice, the inverse transformation T = G−1 [18] is used,
which transforms each point of coordinates (x, y) in the original
photo into a point of ground coordinates (X, Y), that is:
G−1 = T(X, Y) = (x, y) (7)
The transformation T is determined based on the previous math-
ematical model (Eq. (7)), which describes the photogrammetric
relationship between a point of the object surface Xm with coor-
dinates (X, Y, Z) and an image point x with coordinates (x, y). The
size of the orthothermography (resolution) is deﬁned according to
the size of the pixel in ground units.
2.7. Thermographic analysis
The calculation of energy losses in the different fac¸ ades is per-
formed considering the different surfaces and measuring their
surfaces directly on the generated orthothermographies; fac¸ ades
are primarily divided in walls and windows allowing the des-
ignation of different transmission heat losses depending on the
materials. The surfaces with different temperatures can be quanti-
ﬁed from the scaled thermographic orthoimages using the number
of pixels for each surface and the GSD (ground sample distance) of
the orthothermography.
The heat loss computation by conduction through the wall is
carried out using the dimensional analysis approximation and the
equation of heat ﬂow (8) supported by the heat transfer coefﬁcient
(9).
Q =
∑
(Ui × Ai) (1 − b) (Text − Tint) (8)
Ui =
1
RT
= k
L
(9)
where Q (W)  is the total transmission heat loss, Ui (W/m2 K) is
the heat transfer coefﬁcient of the surface i being RT the thermal
resistivity, k (m2 K/W) the material’s thermal conductivity and L its
thickness. Ai (m2) is the area affected by heat transfer of the surface
i and b is the temperature factor of the ofﬁce construction elements.
Text: exterior temperature [◦C]; Tint: interior temperature [◦C]. The
temperature factor, b, takes into consideration that the temper-
ature of the external surface of a building construction element
can be different from the external temperature. The temperature
factor is consequently zero for construction elements facing the
outdoor air [22], which is the case of all the materials in the fac¸ ades
represented in the orthothermographies.
3. PW software
The Photogrammetry Workbench software, PW,  is a photogram-
metric free software for image-based modeling that encloses
ﬂexibility, automation and quality control. It has been intended
as an interface to open photogrammetry to multiple users and
disciplines, being applicable to a wide variety of engineering
and architectural applications. The software was  implemented
using C++ programming language and Extensible Markup Language
(XML) for data management. This section provides an overview
of the different parts of the application, from the extraction and
matching of features, image orientation and dense model recon-
struction to the orthoimage generation.
Fig. 3 shows a screen capture of the software application in
which the different sections of the workﬂow are highlighted.
3.1. Extraction and matching of features
In order to pass from 2D (images) to 3D (point cloud), it is
unavoidable to determine the spatial and angular positions from
which the thermographic images were taken. The automation of
this process requires the previous extraction and matching of fea-
tures (points of interest) through the process described in Section
2.3.
3.2. Image orientation
Once all homogous points are extracted and matched, the
automatic relative orientation of thermographic images can be
performed. As a result, the relative orientation of each ther-
mographic image encloses the spatial and angular coordinates
Fig. 3. Layout of the developed software, PW for image-based thermographic mod-
eling.
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over an arbitrary coordinate system without metric properties.
Afterwards, the user has to perform the identiﬁcation of ground
control points in the thermographic images in order to reﬁne the
orientation and provide an absolute and scaled orientation; this
step is manually performed by the user.
3.3. Dense surface model and orthothermography
After the camera stations from where the thermographic images
were acquired are established, we fulﬁll the geometric conditions
required to solve the main unknown of the problem, determine any
3D point of the object and thus generate the dense surface model.
Last but not least, when both the position of the thermographic
images and the 3D surface model are known, an orthothermog-
raphy can be automatically generated, encompassing metric and
thermographic properties, becoming an easy-to-use map  for non-
experts in photogrammetry.
4. Experimental results
Experiments were carried out to validate the proposed
automatic image-based thermographic modeling approach for
assessing energy efﬁciency of building fac¸ ades. Three different
fac¸ ades of the Polytechnic Advanced School of Avila with different
orientations (north, south and east) were chosen for this purpose.
These fac¸ ades present a regular geometry with two  main different
surfaces: walls composed primarily by brick and concrete at the
lower parts, with foam insulation, and several rectangular windows
composed by double glass with metal (aluminum) frames. These
glass hollows make up over 21% of the fac¸ ade south surface, over
the 15% of the fac¸ ade north surface and over 26% of the fac¸ ade east
surface. The experimental validation was divided into four parts:
(i) metric calibration of thermographic camera; (ii) thermographic
image matching and orientation; (iii) thermographic dense sur-
face modeling and orthoimage generation and (iv) thermographic
analysis.
Metric calibration of the thermographic camera. Values of princi-
pal distance, format size, principal point and radial and decentering
lens distortion are calculated for the thermographic camera
through a laboratory experiment using the protocol described in
Section 2.1 and applying a bundle adjustment supported by the
collinearity condition (Eq. (4)). Several repeated experiments were
performed in order to obtain a better estimation of the internal
camera parameters. Results obtained for the thermographic camera
NEC TH9260 are shown in Table 1.
Image matching and orientation. Image matching is developed
using the ASIFT algorithm. This algorithm allows to cope with geo-
metric and radiometric variations between images. Nevertheless,
Table 1
Results of principal distance, format size and principal point from the metric cali-
bration of the thermographic camera, where x is the mean value of the parameter
and   is the experimental standard deviation for each parameter.
NEC TH9260 f (mm) Xp (mm) Yp (mm) Fw (mm) Fh (mm)
x 15.383 2.989 2.143 5.995 4.500
x 0.034 0.061 0.108 0.007 0.007
the key to success for a robust thermographic image matching
passes through the correction of the thermographic images with
their calibration parameters, especially radial lens distortion. This
aspect is crucial when working with thermographic images, for
which a high percentage of outliers can remain. Fig. 4 outlines the
results obtained once the extraction and matching of features is
applied based on ASIFT operator. An average of 50 interest points
are extracted per image.
The next step consists of the relative orientation of the images
based on the matching points, and of the absolute scaling of the
model so that it presents real distances between points. This
process was done from the coordinates of three known points
or from a known distance between two points; this data belongs
to artiﬁcial control points existing in the fac¸ ades, which were
surveyed with topographic equipment. This step constitutes one
of the main limitations in relation with the full automatism,
since it requires the manual identiﬁcation of the control points
by the user.
Thermographic dense surface and orthothermography. The ﬁnal
point clouds of the fac¸ ades are formed by three different dense
models corresponding to the three fac¸ ades analysed. The north
fac¸ ade contains about 2 million points, the south fac¸ ade about 1
million points and the east fac¸ ade counts with about 1.5 million
points. It should be remarked that these point clouds not only con-
tain metric 3D coordinates but also thermographic textures directly
integrated.
Once the dense surfaces are obtained, a projection plane is
deﬁned, parallel to the main surface of the fac¸ ade, so that the
textured point cloud is orthogonally projected. These orthother-
mographies, shown in Figs. 5–7, are the ﬁnal result of this
methodology, and combine both thermal and metric information
with a GSD of 15 mm.
Thermographic analysis. According to the Spanish technical
code of ediﬁcation [23], the city of Avila belongs to the E1 climatic
area. This area considers a maximum thermal transmittance for
walls and glass hollows of 0.57 and 3.10 W/m2 K, respectively.
The empirical transmittance values obtained for walls and glass
hollows in the Polytechnic Advanced School of Avila, using the
Fig. 4. ASIFT results corresponding to a pair of images of the south fac¸ ade. The interest points are marked in red whereas the lines in green identify the connection between
homologous points. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
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Fig. 5. Orthothermography of fac¸ ade north resulting from the image-based thermographic modeling approach. GSD of 15 mm.
Fig. 6. Orthothermography of fac¸ ade south resulting from the image-based thermographic modeling approach. GSD of 15 mm.
Fig. 7. Orthothermography of fac¸ ade east resulting from the image-based thermographic modeling approach. GSD of 15 mm.
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Table  2
Results obtained in the calculation of energy loss for the different walls (brick material) of the building fac¸ ades analyzed.
Fac¸ ade Area (m2) Average temperature (K) = Tinterior − Texterior Heat transfer coefﬁcient (W/m2 K) Transmission heat losses (W)
North 114.43 291 − 286 = 5 0.40 228.83
South  188.64 289 − 284 = 5 0.40 377.24
East  185.56 294 − 287 = 7 0.40 519.51
Table 3
Results obtained in the calculation of energy loss for the different walls (concrete material) of the building fac¸ ades analyzed.
Fac¸ ade Area (m2) Average temperature (K) = Tinterior − Texterior Heat transfer coefﬁcient (W/m2 K) Transmission heat losses (W)
North 7.70 291 − 286 = 5 0.48 18.48
South  9.54 289 − 284 = 5 0.48 23.19
East 36.01 294 − 287 = 7 0.48 121.93
Table 4
Results obtained in the calculation of energy loss for the different glass hollows of the building fac¸ ades analyzed, considering that 70% of the hollow is occupied by the glass
and  30% by the aluminum frame.
Fac¸ ade Area (m2) Average temperature (K)=Tinterior − Texterior Heat transfer coefﬁcient (W/m2 K) Transmission heat losses (W)
North 21.30 291 − 286 = 5 2.24 238.56
South 53.57 289 − 284 = 5 2.24 599.98
East  78.18 294 − 287 = 7 2.24 1225.86
temperature values measured in the thermographies after their
correction with the emissivity value for the different materials,
the computation of the average temperature of each area of the
wall, and according to Eq. (9) and standard [24] were of 0.40, 0.48
and 2.24 W/m2 K, for the bricks and concrete parts, and the glass
hollows, respectively, so that it can be conﬁrmed that this building
accomplishes with the CTE. Finally, regarding the transmission
heat loss of walls (brick and concrete, considered separately as
the conﬁguration of the walls is different in each case) and glass
hollows and according to Eq. (8), Tables 2–4 outline the results
obtained.
From these tables it can be observed that the energy losses
are adequate for walls and glass hollows according to their the-
oretical values. For instance, if we compare a wall with a similar
surface to that of the north fac¸ ade (143.43 m2) under the same
conditions of temperature and humity but without isolated sys-
tems and materials, an average heat loss of 1036 W is obtained,
whereas the north fac¸ ade provides a heat loss of 486 W,  that is
53% lower. In the case of the south fac¸ ade (251.75 m2) a heat loss
of 1000 W is obtained, whereas the same surface under the same
conditions of temperature and humidity but without isolated sys-
tems and materials provides a heat loss of 2180 W,  implying an
increase of 118% over the isolated conﬁguration. The east fac¸ ade
in its current condition, presents an average heat loss of 1870W,
which means a reduction of 54.5% with respect to the same wall
without isolation systems. What is more, in this wall, as windows
(glass and aluminum frames) represent 26% of the total area, the
only use of low-conductivity glass implies a reduction of 54% of the
total energy consumption regarding the building with no-certiﬁed
windows.
5. Concluding remarks
At the beginning of the XXI century it was thought that laser
scanning was going to make photogrammetry useless. Fortunately,
in the last years some convergent opinions defend that digital
image matching and image-based modeling may  be an alternative
to laser scanner. This article proposes a novel method for the
generation of thermographic 3D models and orthoimages using
automated image-based modeling techniques without needing to
use any other type of geotechnology such as the laser scanner or
topographic equipment. Its ﬂexibility, low-cost and ease of use
supported on proprietary software PW allow highlighting it as an
useful tool to support reliable energy audits of building envelopes.
From a scientiﬁc point of view, the following contributions
should be remarked:
-  A novel method for image-based thermographic modeling is
proposed, integrating the disciplines of photogrammetry and
computer vision and thus providing the advantages and synergies
of both disciplines in the processes of matching, orientation and
generation of products: 3D models and orthoimages. Both prod-
ucts include metric and thermal information, therefore standing
dimensional analysis, and thus energy efﬁciency analysis.
- The method developed encloses the following strengths:
• Low cost, requiring only a thermographic sensor.
• Automation, allowing the generation of thermographic prod-
ucts without user intervention.
• Flexibility, enabling the use of any type of thermographic cam-
era, calibrated or not calibrated.
• Accuracy and reliability, allowing obtaining high-resolution
and quality products, and even an estimation of the ﬁnal error.
• It is scalable, since its results can be integrated in the standard
energy efﬁciency tools.
- A progress in the thermographic image matching has been pro-
vided through a robust strategy of integration of the A-SIFT
algorithm and Semi Global Matching (SGM) techniques.
One of the mid-term challenges that is underway is to extrap-
olate this process to images captured from a robotic aerial system,
UAV (unmanned aerial vehicle), in such a way  that thermographic
information of the most remote parts of the building (building
envelope, roof, high ﬂoors) can be acquired and therefore an anal-
ysis of its energy efﬁciency can be provided.
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       CAPÍTULO 5 
 
ESTUDIOS DE EFICIENCIA ENERGÉTICA MEDIANTE  
TÉCNICAS DE LÁSER ESCÁNER 3D Y TERMOGRÁFICAS 
 
 
Resumen: 
 
La termografía infrarroja se usa generalmente en estudios de eficiencia energética en edificios, 
así como en inspecciones para la detección de humedades y de pérdidas de calor. Comúnmente, 
estos estudios termográficos son cualitativos, basados en la detección de diferencias de 
temperatura entre puntos; y sólo incluyen medidas térmicas en algunos puntos o áreas específicos, 
asociados a otros factores como las propiedades térmicas de los materiales y la temperatura y 
humedad ambiente. Pero esta metodología de trabajo presenta numerosas limitaciones, pues no 
hay modo de realizar medidas cuantitativas precisas ya que los modelos termográficos son simples 
en geometría y las imágenes termográficas presentan distorsión geométrica introducida por la 
cámara. 
Las tecnologías de escaneado láser aparecen como el complemento óptimo de la medida 
termográfica, ya que proporcionan la información métrica que permite la cuantificación de los 
estudios térmicos si las nubes de puntos se texturizan con termografías. 
En este artículo se presenta una metodología para el registro de termografías en nubes de puntos, 
consistente en los siguientes pasos: procesado de la calibración métrica de la cámara termográfica, 
registro de termografías en la nube de puntos basado en puntos de control, y finalmente, procesado 
de la nube de puntos con textura termográfica para la obtención de termografías rectificadas, u 
ortotermografías, sin distorsiones ópticas. 
 
 
Palabras clave:  
Termografía, escaneado láser, eficiencia energética, edificio, conservación del patrimonio 
histórico, calibración métrica. 
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Infrared thermography is generally used in energy efﬁciency studies in buildings, as well as in moisture
detection studies and building inspections for heat losses. Commonly, thermographic studies are quali-
tative, based on detection of differences of temperature between points; and they only include thermal
measurements on speciﬁc points or areas, associated tomany other factors such as the thermal properties
of the materials and environmental temperature and humidity. But this way of working presents a lot of
limitations, as there is no way of executing precise quantitative measurements, because thermographic
models are simple in geometry and thermographies include geometrical distortions introduced by the
camera they are taken with.
Laser scanning technology can be an optimal complement for the thermographic measurement,
because it provides the metric information that allows the quantiﬁcation of the thermal studies if the
clouds of points are texturized with thermographies.
In this paper a methodology for registering thermographies in clouds of points is explained, with
the following steps: procedure for processing the metric calibration of the thermal camera, register of
thermographies in the cloud of points based on control points, and ﬁnally, processing the textured cloud
of points to obtain rectiﬁed thermographies, with no optical distortions.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Nowadays, special attention is paid to energy saving in the
building sector, which is put in relevance with the output of new
regulations, such as the Directive 2002/91/CE of the European Par-
liament and Council, that deﬁnes energy efﬁciency in buildings,
both existing and in construction. In the case of ancient build-
ings, the energetic study is usually complicated because plans of
the building are not commonly available, which makes it difﬁcult
to have enough information of the building. Although there are
many factors that determine energy efﬁciency in buildings, such as
installation efﬁciency and assessment, one of the most important
parameters is the composition of fac¸ades and cover because the
charge in HVAC depends mainly on inﬁltrations, thermal bridges
and isolation material condition. Infrared thermography is a tech-
nique that can be applied to the study of these parameters, as
can be seen in projects where this technique is applied to mate-
rials and defects location, and also to humidity areas identiﬁcation
[1–3].
Infrared thermography is the technique of producing an image
from infrared light, invisible to the human eye, which all the bod-
∗ Corresponding author. Tel.: +34 986813499.
E-mail address: susiminas@uvigo.es (S. Lagüela).
ies emit due to their thermal conditions, because bodies radiate
energy proportionally to their temperature [2]. This emitted radi-
ation detected by thermographic cameras belongs to the thermal
infrared range, in a wavelength between 7 and 15m. Thermo-
graphic cameras have sensors that capture the emitted or reﬂected
thermal radiation from the objects, and they generate an image
where each pixel is associated to a digital value, proportional to the
amount of received energy. This measurement is carried out in a no
invasive way (no contact, no destructive), and this fact makes ther-
mography be awidely applied technique, for ﬁelds such as building
and electrical installation inspections [4–7], in industrial environ-
ments [8,9] and in difﬁcult access objects [10], but also in medicine
and veterinary science [11,12].
However, today’s thermographic studies present several limi-
tations, as distortion of the thermographic lens allows neither to
obtain georeferenced temperature data, nor to map the thermo-
graphies with isotherms of the objects studied. What is more, the
analyses are qualitative, based on the visual detection of peculiar
thermal regions, like cold and hot points, by evaluating the ther-
mographies looking for air leaks and thermal bridges. Quantitative
studies allowed by the usual working method, as the experience
shown in [13], are the calculation of the surface temperature in
a determined and limited number of points in the thermography.
All these limitations disappear when thermographies include met-
ric information that allows the carrying out of distance and area
0378-7788/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.enbuild.2010.12.031
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measurements to achieve a deeper knowledge of the fac¸ade and to
broaden the variety of studies, as shown in [14] and [15].
Non contact techniques for built up structures survey and doc-
umentation have evolved signiﬁcantly in the last decade allowing
the metric survey, the image gathering and the 3D modelling of
the whole structure, structural parts and faults through integrated
technologies of high reliability and accuracy. 3D laser scanning
and close range photogrammetry should be considered as expo-
nents of the evolution of the surveying techniques since they
provide clouds of thousands or millions of points measured over
the structure surface within few millimetres accuracy, texture
information and the possibility of building 3D detailed models
of the structure. These techniques have become especially use-
ful as 3D modelling tools in heritage applications, where surfaces
are complex, and the direct contact might be kept to a minimum
[16]; and also in large high structures, where physical access to
the structure involves important risk for operators. Referring to
terrestrial laser scanning (TLS), its applications to building con-
struction are mainly related to state condition studies, as can be
seen in [17] and [18], and stability, as demonstrated in [19] and
[20].
The possibility of combining laser scanning with different tech-
niques has been widely exploited, as can be seen in [20], [21]
and [22], where laser data has been used with ground penetrating
radar and laser induced ﬂuorescence data among others, in order to
achieve multi-sensor information of linear and building structures.
There are also some works where thermography is combined with
laser data so that the ﬁrst complements the latest, and the two of
them together give users a higher level of knowledge of the object
under study, as shown in [14] and [23].
This article develops a working methodology to combine met-
ric information from the terrestrial laser scanner with thermal
information from the thermographic camera. As a consequence, a
calibrationﬁeld is designed in order to determine theparameters of
interior orientation of the thermographic camera and to correct the
distortion of its lens. Then, a topographic and thermographic sur-
veying is designed, together with the processing of scanning data
and thermographies. This methodology is applied to the building
of the School of Technical Industrial Engineering in Vigo, chosen as
a consequence of its antiquity: its construction began in the year
1930, which makes it the oldest university educational centre in
Galicia.
2. Equipment
The equipment used in this work was a thermographic camera
NEC TH9260, that measures the temperatures in a range from −20
to 60 ◦C, with a thermal resolution of 0.06 ◦C at 30 ◦C (30Hz). The
detectors form an Uncooled Focal Plane Array (UFPA), and its size
is 640×480. The instant ﬁeld of view of the camera is 0.6mrad,
and the ﬁeld of vision is of 21.7◦ in the horizontal plane and 16.4◦
in the vertical plane. The software used for the regeneration of the
thermographies from their thermal format to an image format is
Matlab v 7.0.1, and for the metric calibration of the camera the
photogrammetric station Photomodeler Pro v5 is applied.
For the metric surveying, a 3D long-range TLS (TOF) Riegl LMS-
Z390i is used. This equipment measures distances in a range of 1.5
to400m,withanominalprecisionof4mm,50mdistance innormal
illumination and reﬂectivity conditions. The vertical ﬁeld of vision
has amplitudeof 80 sexagesimaldegrees, and360◦ in thehorizontal
plane. It has a maximum of 0.002◦, and the rate of measurement of
points oscillates between 8000 and 11,000 points/s. The software
used for the recording and alignment of clouds of points is RISCAN
PRO Software, Riegl©.
Fig. 1. (a) and (b) Visible and thermal image of the calibration ﬁeld; the thermal
image has a zoomon a single target so its temperature distribution can be evaluated.
3. Methodology
3.1. Metric calibration of thermographic camera
The objective of the metric calibration of the camera is to deter-
mine the geometric model of the camera, described by its interior
orientation parameters [24].
It is necessary to calibrate the thermographic cameras ther-
mally, with an extended black body and its corresponding
emissivity [25], but there is no history of theirmetric calibration. As
a result, a calibration ﬁeld is designed in this work. Although many
authors present 3-dimmensional calibration ﬁelds [26,27], a planar
array, based on the solution presented by [28] and [29], was cho-
sen with the objective of having a low-cost and portable solution
for thermographic cameras calibration.
This ﬁeld consists on a wood plank, with a surface of 1m2, with
64 light bulbs, chosen due to their suitability for being detected
by the thermographic camera when turned on. Light bulbs are dis-
posed in an 8×8 matrix [28], as shown in Fig. 1a. Since the position
of each target is evaluated through their image barycentre, tem-
perature in each light bulb must present a radial distribution, being
higher in the centre, where the tungsten ﬁlament is, and gradually
decreasing as the sphere’s radius increases, as shown in Fig. 1b.
The thermographic camera calibrationwasperformed following
a self-calibration bundle adjustment method by taking thermogra-
phies on the calibration ﬁeld, as explained [30,31].
Since the thermographic camera used in this article has an
electronic focus, the calibration procedure is repeated 10 times,
minimum number of measurements valid for a statistical study
[32], in repeatability conditions [33]. The experiment took place
indoors, under restricted temperature and natural illumination
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Fig. 2. Thermography after digital value scale assignment.
Fig. 3. Thermography with colour palette.
conditions to avoid the effects of external thermal radiation in
the measurement. The calibration ﬁeld was placed jutting out to
minimize the reﬂections of the adjoining surfaces.
The thermographies were processed in a photogrammetric
station, Photomodeler Pro v5, and the results obtained were sta-
tistically analyzed.
3.2. Thermographic work
Thermographic surveying is realizedbefore sunrise to avoid sur-
face heating by direct radiation from the sun [2,3]. Thermographies
are taken with the same focus the camera is calibrated for, from an
orthogonal position respecting to the considered fac¸ade, and with
Fig. 4. Final thermography.
an overlap of 50% between consecutive thermographies. In order
to evaluate the temperature values measured with the thermo-
graphic camera and to correct their possible deviations, the last
phase of thermal data acquisition involves the measurement of
air temperature and humidity, together with some temperature
direct measurements in several points of the fac¸ade with a contact
thermometer [1].
After ﬁeld working a pre-processing of the thermographies is
developedwithMatlab. Thepurpose of this treatment is to regener-
ate thermographies in image format from their own thermographic
format, which consists on a matrix of temperatures, so that it can
be assimilated to a greyscale image, with just one channel. The
working sequence is:
1. Thermal scale selection. Temperatures under 0 ◦C, correspond-
ing to the sky, are change to 0; temperatures above 40 ◦C are
changed to 40. As a result, temperatures are limited to the inter-
val 0–40 ◦C.
2. Assignment of a digital value scale. A scale of 1/40 is applied to
the matrix values to move them to the interval 0–1 in order to
open the thermographies as an image (Fig. 2).
3. Application of a colour palette. A colour palette is designed to
transform thermographies from greyscale to colour images. This
palette consists on a 256×3 matrix, where the 256 rows rep-
resent the grey intensities, and the 3 columns are associated
to the three channels (RGB). With this palette, the lowest tem-
peratures adopt the black colour, and increasing temperatures
adopt, in this order, blue, green, red, and white for the highest
temperatures (Fig. 3).
4. Radiometric enhancement. Given that the thermal contrast
between areas in the building is low, a radiometric enhance-
Fig. 5. Image of the scan positions in the EUIT Industrial.
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Fig. 6. Cleaned and segmented cloud of points.
ment treatment is applied tomagnify the contrast in the images:
the input values are limited between 30% and 70%, so black rep-
resents areas below 12 ◦C and white appears in areas where
temperatures are above 28 ◦C (Fig. 4).
Once this sequence is completed, thermographies are suitable
for following work.
3.3. Laser scanning procedure
The ﬁrst step of a scan project is planning the location and num-
ber of scans and their resolution in order to minimize the number
of scans and time required, maximize the information acquire and
avoid occlusions. For the TLS survey of the fac¸ade of the EUIT Indus-
trial, two scans were performed (Fig. 5).
Twoscansweremade fromeach scanposition. Theﬁrst scanwas
based on a minimum resolution scan (angular interval of 0.2◦) of
the entire ﬁeld of vision (360◦ with respect to the Z axis and 80◦ for
vertical amplitude); thisminimum resolution enables the scanning
operation to last only 1.5min. The second scan covered only the
fac¸ade under study, and had an angular interval of 0.05◦, which is
equivalent to a spatial resolution of 1.31 cm at 15m distance.
After data acquisition, data processing is carried out, with the
following activities:
1. Alignment of the clouds of points. This was carried out by means
of common targets between successive scans combined with
a surface matching system based on the iterative closest point
(ICP) algorithm [34]. The whole cloud included 4627445 points.
2. Cleaning and segmentation. Isolated points were eliminated and
the mesh was regularized. The resulting cloud of points can be
seen in Fig. 6.
3. Triangulation. In order to develop a solid 3D model of the fac¸ade,
a 2D Delaunay ﬂat triangulation was applied with respect to the
visualization plane, limiting the length of the edges to 0.3m and
the angle between rays to 3◦.
After this step, scan data is adequate to be combined with data
from other sensors, commonly photographies, as done [20]. The
objective of this article is to do an approach to the combination of
scan data with a different technique, thermography.
3.4. Combination of techniques
Thermographies are imported to the scanning project in Riscan,
and associated to the camera calibration parameters calculated in
previous steps. Next step is the registration of each thermogra-
phy with the scan, which is done by marking control points in
both thermography and cloud of points. The minimum number
of points needed for the correct placement of the thermography
is 6, although accuracy increases proportionally to the number of
points. After marking points in each thermography, the orienta-
tion and rotationmatrix is calculated, togetherwith the orientation
deviation. Each registered thermography is undistorted in order to
correct radial and decentering distortions; this is possible thanks
to the calibration values calculated in the ﬁrst step of this method-
ology. Once all thermographies are registered and undistorted, the
cloud of points is textured with them, so that a thermographic 3D
model is obtained.
Finally, the thermographic 3D model is projected in a plane par-
allel to itsmainsurface, soanorthothermogramisgenerated,where
real 2D measurements can be done.
Fig. 7. (a) and (b) Cloud of points textured with thermographies from different
points of view.
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Fig. 8. Ortothermogram of the fac¸ade of the EUIT Industrial, in Vigo, with its graphic scale.
4. Results
4.1. Calibration results
Values of focal length, format size, principal point and radial and
decenteringdistortion are calculated for the thermographic camera
through a laboratory experiment and a following statistical study.
Focal length, format size and principal point are analyzed
through the calculation of their means, experimental standard
deviation, and experimental standard deviation of the mean.
Results obtained are shown in Table 1.
Distortion parameters are studied according to their effect on
the distortion equations:
dr = K1 ∗ r2 + K2 ∗ r4 + K3 ∗ r6 (1)
dpx = P1 ∗ (r2 + 2 ∗ x2) + 2 ∗ P2 ∗ x ∗ y (2)
dpy = P2 ∗ (r2 + 2 ∗ y2) + 2 ∗ P1 ∗ x ∗ y (3)
where dr = radial distortion of the lens; dpx =decentering distor-
tion of the lens on the x axis; dpy =decentering distortion of the lens
on the y axis; r= radial distance to the principal point of the image,
which comes from the expression r2 = x2 + y2; x, y= coordinates of
the points in the images; K1, K2 and K3 = radial distortion parame-
ters; P1, P2 =decentering distortion parameters.
The values for radial and decentering distortion parameters cal-
culated are:
K1 = 0.0006135;K2 = 0.0001478;K3 = 0.0000228
P1 = 3.541 · 10−5;P2 = −2.05 · 10−7
Comparing the values of distortion using the analytical results
and theexperimental results of theparameters thedifference found
is below 0.1%, which makes the study valid.
Table 1
Results of focal length, format size and principal point from the metric calibration
of the thermographic camera, where q represents the means value of each param-
eter, s(qk) is the experimental standard deviation, and s(q) stands for experimental
standard deviation of the mean.
Experiment f (mm) Xp (mm) Yp (mm) Fw (mm) Fh (mm)
1 15.420 2.916 2.140 5.988 4.489
2 15.417 3.017 2.092 5.984 4.511
3 15.366 3.016 2.133 5.994 4.500
4 15.326 3.058 2.223 5.988 4.492
5 15.412 3.001 2.077 5.995 4.501
6 15.421 2.968 2.065 6.004 4.509
7 15.389 3.046 2.131 6.001 4.505
8 15.349 2.999 2.099 5.994 4.497
9 15.370 2.856 2.421 6.006 4.503
10 15.360 3.016 2.068 5.991 4.494
q 15.383 2.989 2.143 5.995 4.500
s(qk) 0.034 0.061 0.108 0.007 0.007
s(q) 0.003 0.006 0.011 0.001 0.001
4.2. Thermographic 3D models
After laser data processing, the ﬁnal cloud of points of the fac¸ade
in study is formed by 122710 points.
Thermographies are placed in the cloud of points by marking
8 control points common for each thermography and the original
cloud of points; with a maximum orientation error of 2.96258 pix-
els, a minimum error of 0.43437 pixels, and an average error of
1.08965 pixels for the orientation of 64 thermographies, this value
is considered as acceptable, taking into account the image size, of
307200 pixels. The resulting textured cloud of points is shown in
Fig. 7a and b.
4.3. Ortothermograms
A projection plane is deﬁned, parallel to the main surface of the
fac¸ade, so that the textured cloud of points is projected orthogo-
nally. This ortothermogram, shown in Fig. 8, is theﬁnal result of this
methodology, and combines both thermal and metric information,
in an adequate format for the directmeasurement of temperatures,
distances and areas.
5. Conclusions
This article describes amethodology for combiningmetric infor-
mation acquired with laser scanning technologies and thermal
information from a thermographic camera. The ﬁrst step in this
methodology is the metric calibration of the thermographic cam-
era, essential to the development of the methodology, given that
thermographies will not have their distortions corrected if they are
not takenwith a calibrated camera. Thismetric calibration required
the design of a calibration ﬁeld adequate for being detected by the
camera: a wooden plank with light bulbs, precisely detected when
turned on.
The following step is the data acquisition with both technolo-
gies: laser scanning and thermography. This procedure is applied to
the data acquisition of the School of Technical Industrial Engineer-
ing inVigo, themost ancient building inGalicia used for educational
purposes.
Data processing is divided in three different parts: thermogra-
phy data processing, scanning data processing, and combination of
both kinds of data. This combination is based on control points;
marking 8 control points in each thermography reduces the orien-
tation error to less than 3 pixels.
This methodology achieves the combination of precise metric
data from the laser scanner and thermal data, which achieves high
precision thanks to the metric calibration parameters of the ther-
mographic camera. As a result, energy efﬁciency can be directly
quantiﬁed through the measurement of the surfaces at highest or
lowest temperatures. Furthermore, the knowledge of the coordi-
natesof eachpointof the fac¸adeallows theexact locationofpeculiar
zones, such as moisture, thermal bridges, and defects in isolation.
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       CAPÍTULO 6 
 
 
PROCEDIMIENTO AUTOMÁTICO DE REGISTRO DE  
IMÁGENES TERMOGRÁFICAS CON NUBES DE PUNTOS 
 
 
Resumen: 
 
Este artículo presenta un procedimiento para el registro automático de termografías con nubes de 
puntos procedentes de láser escáner. Dada la distinta naturaleza de ambas modalidades, se 
propone una estrategia basada en elementos característicos, que satisfagan el requisito de ser 
invariantes no sólo a rotaciones, traslaciones y escalado sino también  a cambios en iluminación 
y dimensionalidad. Dado que la velocidad y la minimización de la interacción con el operador 
son prerrequisitos para la viabilidad del proceso en la industria de la construcción, el 
procedimiento de registro automático presentado en este trabajo incluye la extracción automática 
de elementos característicos, sin intervención humana. Con este propósito, se usa un detector de 
segmentos lineales para la extracción de líneas en 2 dimensiones en las termografías, mientras 
que las líneas en 3 dimensiones de la nube de puntos a través de su segmentación. El 
reconocimiento de elementos homólogos y el cálculo de la posición relativa entre cada 
termografía y la nube de puntos se realizan a través de un proceso iterativo a través del cual se 
detectan y eliminan los emparejamientos erróneos. Este proceso incluye el cálculo de la matriz de 
rotación y el vector de traslación, así como la aplicación de RANSAC para la búsqueda de un 
conjunto consistente de parejas homólogas. Un modelo tridimensional automáticamente 
texturizado termográficamente es el resultado del procedimiento propuesto tras el filtrado y la 
triangulación de la nube de puntos. 
 
 
Palabras clave:  
Arquitectura, automatización, registro, térmico, láser escáner terrestre, edificio 
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ABSTRACT: 
 
This paper presents a procedure for the automatic registration of thermographies with laser scanning point clouds. Given the 
heterogeneous nature of the two modalities, we propose a feature-based approach, satisfying the requisite that extracted features have 
to be invariant not only to rotation, translation and scale but also to changes in illumination and dimensionality. As speed and 
minimum operator interaction are prerequisites for the viability of the process in the building industry, our automatic registration 
procedure includes automatic feature extraction with no human intervention. With this aim, a line segment detector is used to extract 
2D lines from thermographies, and 3D lines are extracted through segmentation of the point cloud. Feature-matching and the relative 
pose between thermographies and point cloud are obtained from an iterative procedure applied to detect and reject outliers; this 
includes rotation matrix and translation vector calculation and the application of the RANSAC algorithm to find a consistent set of 
matches. An automatically textured thermographic 3D model is the expected result of these procedures once the point cloud is 
filtered and triangulated. 
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1. INTRODUCTION 
1.1 Motivations 
Combining thermographic and geometrical data is a key issue 
for energy building inspection. This is because thermographies 
provide information about the actual condition of the building, 
whereas geometric data allows quantification for project 
management, and together they stand as a valuable product for 
further simulation and energy evaluation. An application 
example for this data combination is the characterization of the 
thermal bridges in a building: while thermographies provide 
information about temperature, geometric data provides 
information about the surface or the length of the thermal 
bridges; temperature and length, together with the thermal 
resistance of the bridge, are the parameters needed for the 
characterization of a thermal bridge in an energy analysis tool, 
such as Trnsys©. Furthermore, the registration of 
thermographies with the geometric data captured, for example 
by a laser scanner, leads to the spatial localization of thermal 
defects, making possible the placement of the detected thermal 
bridges and thermal anomalies in their exact position within the 
walls of the building. The wide range of possible applications 
has led to the increasing research in 3D modeling with 
thermographic images, both by applying photogrammetry 
techniques to the images alone  (Luhmann et al, 2010) and by 
fusing them with a laser scanning point cloud (Lagüela et al, 
2011). 
In the thermographic image – point cloud fusion approach, the 
main obstacle to be solved is the large number of thermographic 
images needed for a complete representation of a building. This 
is due to the limited field of view of current thermographic 
cameras, which makes image registration with the 
corresponding point cloud time consuming and inaccurate if the 
manual selection of control points is used. This has motivated 
the need for the automatic registration of thermographic images, 
as is done with images from a photographic camera (González-
Aguilera et al, 2009; Liu & Stamos, 2005).  
Image registration with a point cloud can be directly performed 
if the thermographic camera and the laser scanner are connected 
via a rigid body and their pose remains fixed as data is acquired, 
as is usually the case in aerial LiDAR. However, this approach 
introduces many limitations, as the flexibility of the image 
acquisition is completely lost (Liu & Stamos, 2005) both from 
the geometric and temporal points of view; consequently it 
cannot be used in the thermographic case, where images have to 
be acquired almost perpendicular to the wall for the camera to 
capture radiation so as to minimize radiation from surrounding 
objects; on the other hand, the laser scanner only needs to see 
the 3D point from its position in order to measure its 
coordinates. Furthermore, image acquisition flexibility is 
appreciated in the building inspection application, as it is useful 
for building inspections to have a building model available to 
which thermographies from different inspections could be 
registered at different times of the year in order to keep the 
model updated or to monitor the energy consumption of the 
building within a year or across the years. 
Typically, two different approaches can be used to solve the 
registration of images with a point cloud. Some studies propose 
the calculation of the orientation parameters by solving a 2D - 
2D problem, which requires the projection of the point cloud 
onto a plane (González-Aguilera et al, 2009, Meierhold et al, 
2010), and the extraction of features in both the visible image 
and the intensity or range image produced from the projection; 
the second possibility is to solve the 2D - 3D problem, either by 
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finding point correspondences between the point cloud and the 
image (Ding et al, 2008), or by extracting linear features 
(Stamos & Allen, 2001).  
This paper presents a methodology for the registration of 
thermographic images with a point cloud using the 2D – 3D 
approach; this choice is  supported by the fact that a great deal 
of valuable information about the shape and the geometric 
layout of objects is lost when a 2D image is formed from the 
corresponding 3D world (Koppula et al, 2011). This paper is 
organized as follows: Section 2 explains the different steps 
involved in the 2D – 3D registration of thermographic images 
with the point cloud, from data acquisition to thermographic 3D 
model generation. Section 3 presents the results obtained with 
the application of the proposed methodologies to the 
thermographic 3D modelling of a wall in a room, and Section 4 
includes conclusions. 
 
2. METHODOLOGY 
2.1 Thermographic and geometric data acquisition 
The proposed methodology involves the acquisition of data 
from two heterogeneous sensors, with different concepts of 
operation: thermographies are acquired with a thermographic 
camera, which absorbs radiation emitted by all bodies at a 
temperature over 0K in the infrared range of the spectrum, 
between 7 and 14 µm. According to the standards for use of 
thermography in building inspection (ISO 6781, 1983), the 
indoors thermographic survey should be performed under 
conditions that maximize indoor-to-outdoor temperature 
difference, and therefore optimize the detection of defects, such 
as heat loss and humidity. As a consequence, the perfect times 
are either at midday, when outdoor temperature reaches its 
maximum and indoor temperature is usually colder allowing the 
detection of incoming heat, or at the beginning of the day in 
winter, with the heaters turned on, allowing the detection of 
incoming cold air. From a metric point of view, thermographies 
must be acquired from a position forming an approximate angle 
of 25º with the normal of the inspected wall in order to avoid 
angle effects and to minimize reflections due to radiation of 
nearby objects (Asdrubali et al, 2012). The metric survey is 
performed with a laser scanner, from which the 3D 
representation of the scene, rather than images, is obtained.  
 
2.2 Registration 2D – 3D 
This section includes a methodology for image registration with 
the point cloud solving the 2D – 3D problem, similar to the 
approach followed in (Liu & Stamos, 2005). Registration is 
based on the extraction of line features both in the 
thermographic image and the point cloud, and the matching of 
line correspondences to solve for the rotation matrix and 
translation vector of the image with respect to the point cloud 
through the collinearity equations. Detailed workflows are 
shown in Figures 1 and 2.  
 
Figure 2. Workflow Part 2: calculation of the orientation 
parameters of a thermographic image with respect to a point 
cloud from extracted 3D and 2D lines.  
 
Point cloud segmentation 
 
Once all scans are registered in the same coordinate system, the 
first step consists of segmenting the point cloud. As this step is 
common to 3D modelling, there are numerous works on this 
topic, many of them performing curvature analysis for point 
cloud segmentation (Stamos & Allen, 2001; Belton & Lichti, 
2006; Carlberg et al, 2009); for example in the outdoors, 
curvature analysis has been successfuly used to differentiate 
between scatter objects such as trees, planar objects such as 
building facades, and linear objects such as poles or power 
lines.   
In this work, curvature analysis is performed by calculating the 
normal vector of each point in the point cloud as shown in 
Figure 1. This is done by Principal Component Analysis (PCA) 
using the covariance method (Jolliffe I.T., 2002), taking 
advantage of the fact that the eigenvector associated with the 
smallest eigenvalue is the normal vector of the point. This is 
done by analysing each point and its 50 closest neighbouring 
points (Belton & Lichti, 2006). Then, normal vector smoothing 
is performed by averaging normal vectors of points in the same 
neighbourhood, as in (Thürmer, 2001), but using a 50 closest 
points neighbourhood.  
Once the smoothed normal vectors of all points are calculated, 
points are classified based on the direction of their normal 
vectors, into three main classes: (a) parallel to the main wall, 
commonly the longest, or the windowed one; (b) perpendicular 
to the main wall, consequently, parallel to the side walls; (c) 
horizontal, comprising of floors, ceilings, and other horizontal 
surfaces in the room such as tables. Once points belonging to 
parallel planes are separated, planes with the same orientation 
are detected by examining distances between points.  
 
 
 
 
 
 
 
Figure 1. Workflow Part 1: extraction of 2D lines from thermographic images and 3D lines from the point cloud.
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In parallel to the above steps, the computed eigenvalues from 
curvature analysis are also used to detect edges on 
discontinuities in the point cloud. In indoor scenes, there is 
usually a great deal of occlusions creating discontinuities in the 
point cloud which should be detected as lines in order to 
improve and facilitate image registration with thermographies. 
The points belonging to discontinuity edges are classified via 
PCA analysis, exploiting the fact that their largest eigenvalue is 
1.5 or 2 times larger than their second largest eigenvalue. 
 
3D line detection 
 
Once the planes are extracted, the points lying on their 
intersections form lines. Points following the boundaries of the 
point cloud and its holes also manifest themselves as lines. 
 
2D line detection in thermographies 
 
Lines in thermographic images are detected using the line 
segment detector (LSD) presented by (Grompone et al., 2010) 
as shown in Figure 3(a). This algorithm detects lines as locally 
straight contours, i.e., as zones in the image where the grey 
level changes fast enough. Therefore, the gradient orientation is 
computed for each pixel, and adjacent pixels sharing the same 
gradient orientation are grouped in regions which are 
considered to be lines if the gradient orientation of the region is 
significantly different from the gradient orientation of the 
surrounding pixels. Thus, lines are detected as rectangular 
regions as they do not only include pixels that strictly form a 
line but also the surrounding pixels sharing the same 
orientation. This is shown in Figure 3(b) where the pixels of a 
line with width 2 are highlighted in black. To summarize, the 
outputs of the algorithm are the beginning and end point of each 
line, and the width of the line-rectangle. 
 
        
           (a)                                               (b) 
Figure 3. (a) Thermography in which lines have been detected 
with the LSD by (Grompone et al., 2010); (b) detail of a line-
rectangle of width 2 formed by a group of pixels. 
 
Thermographic image – point cloud registration 
 
Registration is performed through an iterative procedure as in 
(Liu et al., 1990), using RANSAC (Fischler and Bolles, 1981) 
to choose the triple of matches that finds the best solution of the 
collinearity equations (Luhmann et al., 2006). The procedure is 
shown in Figure 2 and can be described as follows: 
1- Choose three lines in the set of 3D lines from the 
point cloud and in the set of 2D lines detected in the 
thermographic image. 
2- Solve for the rotation matrix and the translation vector 
through the collinearity equations, as a typical case of space 
resection, iterating until residuals reach a minimum value. 
3- Transform the lines in the thermographic image using 
the computed rotation matrix and translation vector into 3D.  
4- Count the number of common points between 
transformed 2D lines from thermographies to 3D lines from the 
point cloud. 
The entire process is repeated until the set of matches from 
which the rotation matrix is calculated results in the highest 
number of coincident points. 
 
2.3 3D model 
The point cloud is converted into a mesh of triangles, which are 
then textured with the corresponding thermographic images 
using the orientation results obtained through the collinearity 
equations in the iterative algorithm. 
 
3. RESULTS 
The proposed methodology has been applied to the study of the 
interior of a room, with a regular cubic shape. Thermographies 
are acquired with a thermographic camera NEC TH9260, whose 
sensor matrix is an Uncooled Focal Plane Array size 640x480 
pixels. Its thermal resolution is 0.06ºC at 30ºC, and its field of 
vision is of 21.7º in the horizontal plane and 16.4º in the 
vertical plane. Therefore, for example, in order to cover one 
wall, 10 thermographies are required, with an overlap of 30%; 
an example of 3 consecutive images is shown in Figure 4. The 
thermographic survey was performed at midday on a sunny day 
in order to maximize indoor-to-outdoor temperature difference 
and therefore optimize the detection of defects such as heat loss 
and humidity. Indoor temperature was 27ºC, while outdoor 
temperature was several degrees below, at 19ºC.  
 
   
 
Figure 4. Example of 3 thermographies needed to cover an area. 
The blue rectangles show the overlapping areas between 
consecutive images, vertically and horizontally. 
 
The metric survey was performed with a 3D long-range 
terrestrial laser scanning Riegl LMS-Z390i, type time-of-flight, 
which measures distances in a range of 1.5 to 400m, with a 
nominal precision of 4mm at 50m distance in normal 
illumination and reflectivity conditions. Fields of view in the 
vertical and horizontal planes are 80º and 360º respectively, 
with a maximum resolution of 0.002º.  
In this case study, due to the limitation in the vertical field of 
view, it was necessary to tilt the laser in order to acquire the 
data missing at 40º and -80 º with respect to the vertical axis. 
The room was scanned with a resolution of 0.02º, acquiring a 
point cloud of the complete room with 1,998,000 points.  
However, given that the main objective of this work is the 
validation of the methodology proposed, only the wall with 
windows and furniture is used, removing from the acquired 
point cloud the 3D points on the side walls, the ceiling, and the 
floor in order to simplify the computation. As a result, the point 
cloud used for this work consists of 11,988 points, representing 
one wall with occlusions due to the presence of four wardrobes 
and a chest of drawers, and windows. A view of the used point 
cloud for the wall under study is shown in Figure 5. 
 
International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XXXIX-B5, 2012 
XXII ISPRS Congress, 25 August – 01 September 2012, Melbourne, Australia
213
58
  
 
Figure 5. View of the acquired point cloud. Detail of the wall 
used for this study. 
 
Principal Component Analysis is performed for the calculation 
of the normal vector of each point in the point cloud. As shown 
in Figure 6, points are then classified into different planes based 
on the direction of their normal vector, so that points with a 
normal vector pointing towards the same direction, with a 
threshold of 45º, are put together in the same group. 
 
Figure 6. Point cloud with points classified according to the 
direction of their normal vector: parallel to the main wall in 
grey, perpendicular to the main wall in magenta and horizontal 
surfaces in cyan.  
 
 
(a) 
 
 
(b) 
 
 
(c) 
 
Figure 7. Points classified in the different planes for each 
direction; in descending order: (a) main wall, (b) side wall, and 
(c) horizontal surfaces. 
As shown in Figure 7, for each direction points are then 
classified with a distance criterion: points in the “main wall” 
group are classified according to their x value, points in the 
“side wall” group are classified depending on their y value, and 
points in the “horizontal” group are separated based on their z 
value.  
The next step consists of detecting the cluster of points 
belonging to intersection lines of the different planes: “main 
wall” and “side wall” planes are intersected in vertical lines, 
while their intersections with “horizontal” planes produce 
horizontal lines, as shown in Figure 8.  
The results of the PCA can also be used to detect edge 
discontinuity points as those with the largest eigenvalue 1.5 
times larger than the second largest eigenvalue; these points 
usually belong to the edges of the point cloud, therefore they 
form the boundary lines, as shown in Figure 9. 
 
  
Figure 8. Intersection lines resulting from plane intersection. 
 
 
 
Figure 9. Boundary lines formed by the association of boundary 
points after the curvature estimation. 
 
Simultaneous to 3D lines extraction, 2D lines are detected in the 
thermographic images using the line segment detector presented 
by (Grompone et al., 2010).  Prior to line detection, images are 
subjected to a Gaussian filtering operation in order to reduce 
noise. Gaussian filter is performed with a scale of 80% and a 
sigma value of 0.6 (Haddad & Akansu, 1991). 
In thermographies, the line segment detector not only identifies 
actual lines corresponding to intersection lines between planes, 
but also non-physical lines, produced by changes in radiometry 
resulting from changes in temperature. An example of this is 
highlighted with white arrows in Figure 10, at the region over 
the windows, where lines are detected in temperature-changing 
zones caused by insulation flaws in the joints between the 
panels of the wall.  
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Figure 10. Result of the line segment detector algorithm applied 
to one of the thermographies. Detected lines are shown in blue; 
the white arrows mark the lines detected due to changes in 
radiometry caused by changes in temperature. 
 
Once extracted, 3D lines from the point cloud and 2D lines 
from images are used to calculate the orientation of each image 
with respect to the point cloud, through two iterative processes, 
one inside the other as explained in Figure 11: the main process 
is performed with the RANSAC iterative method, using a 
minimum of three lines for the resolution of the collinearity 
equations and the subsequent rotation matrix and translation 
vector. These equations are solved iteratively until the residuals 
of the image orientation parameters are below 0.001. Then, the 
orientation result is applied to the image so that the fitting error 
is computed and stored together with the result. Then, following 
with the RANSAC method, a new set of line correspondences is 
chosen and the whole process is repeated until the fitting error 
reaches a minimum; this last result is considered as the best. 
However, the second and third best results are also kept in 
memory as backup, since the result with the highest number of 
coincident points is not always the optimal. This last decision is 
made through the visualization of the textured mesh. The mesh 
is generated independent of the registration process via 
triangulating the point cloud. 
 
 
Figure 11. Iterative processes used for the resolution of the 
collinearity equations and the image registration with the point 
cloud. 
 
The 3D model resulting from the proposed methodology is 
shown in Figure 12. The registered thermographies are applied 
to their corresponding rectangles, whereas for those rectangles 
with more than one corresponding image, i.e. overlapping 
regions, the image applied is the one acquired from the most 
orthogonal position with respect to the triangle. This leads to 
some irregularities in the colour of the problematic areas, as 
highlighted with a white arrow in Figure 12, in the wardrobe, 
where light red triangles appear among dark red areas. In 
addition, a registration error can been detected in the right part 
of the window, highlighted with a blue arrow in Figure 12, 
since the thermographic image shows the window slightly 
turned downwards. However, these artefacts in registration do 
not decrease the usefulness of the thermographic 3D model for 
thermographic inspection and energy analysis, since: (a) the 
entire wall can be thermographically visualized at the same 
time, allowing for an overall impression and the visual detection 
of defects that might have gone unnoticed had they appeared 
divided in different thermographies; (b) defects can be spatially 
located, as for example heat loss can be detected in the left 
portion of the room, where the curtain appears at a higher 
temperature than in the rest of the room, implying that the joint 
between the wall and the window is not hermetic in that area; 
(c) regarding energy consumption, the non-insulated joints 
between panels are detected over the window, and both 
temperature and length can be measured for each of them as the 
model contains temperature information from thermographies 
and geometric information from the point cloud; as a 
consequence, these thermal bridges are characterized for use in 
energy simulation software, and identified for repair in energy  
building rehabilitation.  
 
 
Figure 12. Textured 3D model obtained after the calculation of 
the rotation matrix and the translation vector for the 10 
thermographic images needed to cover the wall. Temperatures 
rise from 24.5ºC (dark red) to 31.5ºC (white). 
 
4. CONCLUSIONS 
This paper presents a method to automatically register 
thermographic images with a point cloud for an indoor 
environment. There are two  main challenges in solving this 
problem: first, the limited field of view of thermographic 
cameras requires a large number of thermographies to be 
collected to represent a single wall; second, the repetitiveness of 
indoor scenes hinders the detection of corresponding features 
and the calculation of the image pose  with respect to the point 
cloud. Another fact that must be taken into account is the 
presence of occlusions in the point cloud mainly due to the 
furniture in the room, which impedes the measurement of wall 
points and provokes the detection of points belonging to 
discontinuity edges and consequently forming boundary lines, 
in non-physical boundary locations. However, boundary lines 
are not discarded from the process because these lines are also 
detected in some thermographic images, so they can be used in 
the calculation of the orientation parameters of each image. 
The complete methodology applied to the registration of 
thermographic images with the point cloud involves (i) 
curvature computation of the point cloud for the point 
clustering in planes with different orientations, (ii) the 
intersection of the detected planes to identify points belonging 
to intersection lines, and (iii) the identification of boundary 
points belonging to discontinuity edges and their clustering in 
boundary lines. Thermographic images are subjected to a line 
segment detector algorithm that extracts lines by studying the 
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changes in the grey level. Three-dimensional and two-
dimensional lines are then used for the calculation of the 
orientation parameters of each image with respect to the point 
cloud. This process improves the manual registration process by 
not requiring a dedicated human operator. The iterative method 
applied to the calculation of the orientation parameters provides 
an optimal final result. 
Furthermore, from the thermographic point of view, this 
registration does not affect the temperature-colour relation; 
therefore thermal inspection can be performed as is done in the 
images directly, although some attention must be paid to the 
presence of holes in the object not due to the presence of low 
temperatures but due to the lack of triangles to texture. 
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       CAPÍTULO 7 
 
 
TEXTURIZADO AUTOMÁTICO CON  
TERMOGRAFÍAS E IMÁGENES RGB DE 
 MODELOS BIM DE EDIFICIOS CONSTRUÍDOS   
DESTINADO A REHABILITACIONES ENERGÉTICAS 
 
 
Resumen: 
 
La rehabilitación del parque de edificios existente constituye una medida clave para el alcance de 
la reducción en consumo energético y emisiones de CO2 propuesta para todos los países. Los 
Modelos Integrales de Edificios (BIM según sus siglas en inglés) se posicionan como una solución 
óptima para la gestión de trabajos y el asesoramiento de la toma de decisiones gracias a su 
capacidad para coordinar toda la información necesaria para el diagnóstico del edificio y la 
planificación de los trabajos de rehabilitación. Si estos modelos se generan a partir de nubes de 
puntos procedentes de un láser escáner automáticamente texturizadas con imágenes termográficas 
y RGB, sus posibilidades incrementan exponencialmente, ya que su visualización, además de la 
consulta de valores, aumenta la información disponible del edificio.  
Dado que el escaneado láser, la termografía y la fotografía son técnicas que adquieren información 
del objeto tal cual está, el BIM resultante incluye información del estado real del edificio en el 
momento de inspección, facilitando la planificación más eficiente de los trabajos de rehabilitación 
y haciendo posible la reparación de aquellas faltas de mayor gravedad. 
Este artículo propone una metodología para la generación automática de modelos texturizados de 
edificios en su estado real, empezando con la adquisición de información y siguiendo con el 
procesado de datos tanto geométricos como termográficos. 
 
 
Palabras clave:  
Termografía, BIM, rehabilitación energética, escaneado láser, registro de imagen 
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Rehabilitation of the existing building stock is a key measure for reaching the proposed reduction in energy
consumption and CO2 emissions in all countries. Building Information Models stand as an optimal solution for
works management and decision-making assessment, due to their capacity to coordinate all the information
needed for the diagnosis of the building and the planning of the rehabilitation works. If these models are gen-
erated from laser scanning point clouds automatically textured with thermographic and RGB images, their
capacities are exponentially increased, since also their visualization and not only the consultation of their
data increases the information available from the building. Since laser scanning, infrared thermography
and photography are techniques that acquire information of the object as-is, the resulting BIM includes infor-
mation on the real condition of the building in the moment of inspection, consequently helping to a more ef-
ﬁcient planning of the rehabilitation works, enabling the repair of the most severe faults. This paper proposes
a methodology for the automatic generation of textured as-built models, starting with data acquisition and
continuing with geometric and thermographic data processing.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
The reduction in energy consumption, and increase in energy efﬁ-
ciency are some of the main current directions for research in the
building and construction ﬁelds [1], supported by the appearance of
international policies, such as the EU Energy Targets, that set the en-
ergy goal at a reduction of 20% CO2 emissions and a 20% increase in
energy efﬁciency, with respect to values of 1990. Among these values,
the goal for buildings is set in a reduction of 26% energy use in 2020,
which means an 11% reduction on the total energy use in European
countries [2] given that more than 40% of the total energy consump-
tion in these countries is caused by the building sector [3]. Although
actions are being taken towards the construction of zero-energy
buildings with smart designs and the use of new materials [4,5], the
retroﬁtting of the existing building stock is required for the objectives
to be reached [6].
Themain problemwhen facing a retroﬁtting or rehabilitation process
is that itmust be preceded by an exhaustive documentation and analysis,
including information related to all the actors involvedwith the building
during all the different stages of its lifecycle, such as architects, construc-
tors, users and administrations [7]. Approaches have been taken towards
the inclusion of all this data in a digital format, using Geographic Infor-
mation Systems, GIS, for energy simulation and rehabilitation manage-
ment. These systems use mainly two-dimensional representations of
the entity under study, [8], although the third dimension needed in an
accurate representation of the reality of the building can also be intro-
duced if the 3D GIS solution is followed, as in [6]. However, GIS is
designed for studying entities greater than buildings, such as cities [8].
Building Information Models, also known as BIM, have been created
for the speciﬁc case of buildings, and designed as a support of a collec-
tion of descriptive data of the building on a 3D domain, therefore
allowing the performance of different analysis for decision-making
during rehabilitation processes.
Since the more realistic the model is, the more exact the results
are, a key aspect such as the 3D geometry of the building should be
as accurate as possible. For this reason, the last approaches observe
the generation of a BIM from a point cloud acquired with a laser scan-
ner, instrument that provides accurate representations of objects and
facilities in a reduced amount of time [9,10], with measurement rates
going from 5000 points per second for the Trimble GX200 to 200,000
points per second for the Faro Photon [11].
Another key issue in rehabilitation processes is the detection of
existing defects, and their exact location within the building. Infrared
thermography stands as an adequate technique for the inspection of
buildings, being able to detect faults related to energy through air
leaks and heat losses [12,13], but also construction faults and faults
appearing with time such as damp areas, cracks and structure failure
[14,15]. Apart from the exact location of detected defects, their geom-
etry is also needed for the performance of accurate energy analysis,
as, for example, thermal bridges are characterized by both their ther-
mal data and their length [16]. For this reason, the combination of the
geometric information acquired with a laser scanning and the ther-
mal information from the thermographies is a ﬁeld of increasing
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interest in the research world, [17,18], and is chosen in this work due
to the high workability of laser scanning 3D models with BIM in spite
of the lack of literature about texture in Building Information Models.
However, the process of combining thermography with laser scanner
point clouds is time-consuming and poor in accuracy if point restitu-
tion is manually performed, mainly due to the reduced ﬁeld of view of
current thermographic cameras, which makes it necessary to acquire
a high number of images for the complete representation of a build-
ing. When automatic registration is performed, the camera is usually
in a ﬁxed position regarding the laser scanner, and there is a lack of
ﬂexibility for the thermographic survey as the camera cannot be
moved to acquire a region of interest [19]. This situation has motivat-
ed the need for the development of a technique for registering ther-
mographic images with a point cloud without ﬁxing their relative
positions or marking points manually.
Given that RGB images stand as a support in the interpretation of
the thermographic studies, as in [20], and enable a realistic view of
the 3Dmodel, a BIMwith RGB texture stands as a perfect complement
for the rehabilitation process, also widening the application ﬁeld of
this process by allowing the performance not only of energy analysis,
but also of structural analysis similar to that performed for a bridge in
[21].
The main objective of this paper is to present a methodology for
the generation of textured 3D models, both with RGB images and
thermographic images, and their conversion to as-built BIM for
supporting energy rehabilitation processes, from diagnosis and analy-
sis to decision-making andworks control. The organization is as follows:
Section 2 explains the two processes of data acquisition, thermographic
and photographic-geometric; Section 3 includes images and point
cloud processing towards the generation of textured 3D models;
Section 4 shows the conversion to the resulting as-built Building Infor-
mation Model with thermographic and RGB textures; ﬁnally, Section 5
presents the conclusions reached after the performance of the proposed
methodology.
2. Data acquisition
The ﬁrst step of the methodology includes the acquisition of both
thermographic and geometric data, in surveys that can be performed
on the same day or in different days, since they are independent pro-
cesses. However, there are some common requirements that both
surveys must fulﬁll, such as the fact that it must not be a rainy day,
as rain would annul the temperatures thermographically acquired
since the camera would measure the temperature of water on the
surface of the wall, and not the temperature of the wall under its nor-
mal conditions. Rain would also introduce a lot of undesired noise in
the scanned point cloud, because all water drops on the way of the
laser ray would be measured, and they would appear as points in
the point cloud, resulting in an amorphous ﬁgure. What is more, in
both processes the absence of objects in front of the wall under
study is recommended, as, although it is possible to acquire the miss-
ing information from a different point of view, these objects make the
measurement a more complex and imprecise task.
The building chosen as case study presents a simple geometry,
with an L-shaped plan and two different types of construction: one
part of the building is made of bricks, with no insulation layer; the
other part of the building was conceived as a temporary building,
made of prefabricated blocks of concrete with no sealing material.
Fig. 1 shows the building from different points of view.
2.1. Thermographic inspection
The thermographic study was developed with a thermographic
camera NEC TH9260, with a sensor size 640×480 UFPA, or Uncooled
Focal Plane Array, made of amorphous silicon microbolometers, which
are detectors commonly used in thermographic cameras due to their
capacity of operating at room temperature, and their low-cost nature
when compared with other IR detectors [22]. Further speciﬁcations of
the camera can be found in Table 1. Given that the interior geometry
of the camera is needed during data processing, the thermographic
camera was geometrically calibrated prior the inspection. This proce-
dure was developed using a calibration ﬁeld consisting of a black back-
ground with aluminum targets, identiﬁable due to their different
emissivity value regarding the background. The geometric calibration
was performed following the photogrammetric procedure of taking
several pictures of the ﬁeld from different angles and points of views.
Both calibration ﬁeld and procedure were presented in [23].
Regarding the thermographic survey, apart from the general req-
uisites, the survey was performed on a cloudy day, with indirect
solar radiation. With the purpose of increasing the temperature dif-
ference between the outside and the inside of the building, the survey
was performed after midday, when the exterior temperature reached
its maximum value but without time for the interior of the building to
reach the equilibrium.
Ambient conditions at the moment of the survey were 26 °C and
40% relative humidity. The surroundings of the building under study
were clear enough so that they were reachable from a 5-meter dis-
tance. This distance, given the ﬁeld of view of the thermographic
lens (21.7°×16.4°), allowed the acquisition of thermal data of the
whole building in 9 images, which is a reasonable number for further
processing. Some of the images acquired from the different walls are
shown in Fig. 2.
From the thermal point of view, the temperature of some points
was measured with a contact thermometer TESTO 720 with a NTC
probe, measuring with 0.2 °C accuracy and 0.1 °C resolution. These
points were measured as ground truth, in order to check the perfor-
mance of the thermographic camera. What is more, the emissivity
value was calculated with an emissivity essay as explained in [24],
Fig. 1. Building under study from two different points of view: the L-shaped plan and the two different construction types are clearly distinguished.
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obtaining different values for the two different types of construction:
the wall of bricks presented an emissivity value of 0.72, whereas the
concrete wall presented a value of 0.88.
2.2. Laser scanning and photographic survey
The geometric survey was performed using a terrestrial laser scan-
ner. This instrument was chosen due to its capacity to measure a high
number of points in a reduced amount of time, with high resolution
and accuracy. Speciﬁcally, the instrument used was a Riegl LMS
Z390i, with a maximum angular resolution of 0.002°, equivalent to
6 mm at a 50-meter distance, an accuracy of 0.001° and a measure-
ment rate of 11,000 points per second. Its measurement range goes
from 1.5 to 400 m.
The geometry of the building, especially the L-shaped plan, made
it necessary to scan the building from 3 different positions in order
to acquire its whole geometry. The number and location of the scan
positions are previously decided, looking for an optimal choice to
minimize time and number of scans needed to avoid occlusions. A
view of the resulting point cloud and the three scan positions is
shown in Fig. 3. Prior to the survey, reﬂective targets, both planar
and cylindrical, were placed in the scene; they will be used in subse-
quent steps of the processing for the registration of the different scan
positions into the same coordinate system. The scanning procedure is
controlled with software Riscan Pro © from Riegl, with the following
steps: ﬁrst, a low resolution scan (0.2° resolution) of 360° horizontal-
ly is performed for the acquisition of the whole scene (the building
under study and its surroundings). Then, the reﬂective targets are
scanned with high-resolution (0.003°–0.005°, depending on the dis-
tance laser-target) for their perfect identiﬁcation, since the registra-
tion of the different scan positions and consequently the resulting
point cloud depends on them. Finally, the area corresponding to the
building under study is scanned with higher resolution in order to ac-
quire all the detail needed; in this case, a resolution of 0.08° is enough
for the acquisition of the geometry of the building given its simplicity
and the small distance between the building and the scanning device
in every scan position.
In this way, the ﬁnal point cloud of the whole scene contains
2,139,648 points;of which approximately 769,295 correspond to the
building.
Regarding RGB image acquisition, this procedure was performed
with a digital camera Nikon D200 which was placed on top of the
laser scanner, as in [25]. This camera contains a CCD sensor (Charged
Coupled Device), DX format 10.2 megapixels. It is equipped with a
Nikkor lens with 20 mm focal length and a digital angle of 70° view.
What is more, its inner orientation parameters have been calculated
following the photogrammetric calibration process [26]. RGB image
acquisition was also controlled with the Riscan Pro ©software, and
took place immediately after the scanning. Given the ﬁeld of view of
the lens, 84°×62°, and the 20% overlap between consecutive images
chosen for ensuring the capture of information of the whole scene,
the acquisition of 9 images was needed for texturing the whole build-
ing, 3 images from each scan position. The set of images acquired
from scan position 3 is shown in Fig. 4.
3. Data processing
Once all thermographic, visible and geometric data is acquired, the
proposed methodology aims at the geometric referencing of the im-
ages within the point cloud, which is carried out through the extrac-
tion of corresponding features from the images, both thermographic
and visible, and the 3D point cloud, and the subsequent calculation
of the homographic transformation of each image to the point cloud
through its epipolar geometry. In this case, the registration was
based on linear 3D features from the point cloud and 2D line seg-
ments from images, following the procedure presented in [19] and
using scripts speciﬁcally developed in Matlab ®. The procedure is
schematized in Fig. 5 for the case of thermographic images, but the
same steps are followed in the case of RGB images.
3.1. Image processing
Image processing for the extraction of 2D features is the same for
both thermographic and RGB images. However, thermographies need
a pre-processing step in order to adapt their format to that needed in
the rest of the process: images need to be converted from their original
thermographic format to an image format; the pgm, Portable GrayMap,
is chosen due to its suitability for being subjected to further processing.
A colormap is chosen for its application to all thermographic images and
help in their interpretation, with a temperature–color relation chosen
so that it is representative of the existing temperatures. From the tem-
peratures measured in the building, the temperature interval chosen
was from 32 °C to 22 °C, as shown in Fig. 2.
Table 1
Technical characteristics and interior orientation parameters of the thermographic
camera use for thermal data acquisition.
Technical characteristics
Measurement range −20 to 60 °C
Thermal resolution 0.03°c at 30 °C
Detector 640×480 UFPA
Spectral range 8 to 14 μm
IFOV (instantaneous ﬁeld of view) 0.6 mrad
FOV (ﬁeld of view) 21.7° (H)×16.4°(V)
Refresh frequency 30 frames per second
Geometric calibration
Focal length (mm) 15.2216
Format size (mm) 6.0004×4.5000
Principal point (mm) 2.9768×2.1401
Fig. 2. Thermographies acquired from the different walls of the building under study. The color palette applied is monochrome, and goes from black to light pink, for the lowest to
the highest temperatures, 22 °C to 32 °C. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
232 S. Lagüela et al. / Automation in Construction 31 (2013) 230–240
65
The process continueswith the detection of lines in the images using
the Line Segment Detector presented in [27], an algorithm that detects
lines based on the image gradient orientation of each pixel: regions are
composed of adjacent pixels with the same image gradient orientation,
which is different from the image gradient orientation of the surround-
ing pixels. The choice of this line-detection algorithm was made on an
automation basis, given that it only has three parameters,which, in con-
trast with other line-detection methods, can be considered internal pa-
rameters and therefore not modiﬁed, still obtaining good results and a
reduced number of false positives, making the step of 2D lines detection
completely automatic.
In the case of the thermographic images, the algorithm detects
lines existing in reality, such as intersecting lines between planes,
but it also detects non-real lines, produced by changes in radiometry.
These changes are very common in thermographies since they appear
when there are changes in temperature, as can be seen in the cantile-
vers, at the down part (Fig. 6 left) or at its upper part (Fig. 6 right).
Given this fact, the choice of the color palette was made looking to
minimize the detection of non-real lines thatwould annul or hinder fur-
ther steps of the processing; after an analysis of the number of lines
detected and their preferential location within the building or its sur-
roundings, the copper color palette was chosen (Table 2). This choice is
also supported by the study of a high number of different images, in
which it has been found that the LSD detector achieves better results
with pale color palettes, with a smooth transition between color tones,
presumably because these color palettes present high gradient orienta-
tion changes only in themost changing areas, which usually correspond
with changes in the building and not with small temperature variations.
Fig. 3. Resulting point cloud after the acquisition of data from 3 different positions. Different colors represent points acquired from a different position. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Set of images of the building acquired with the camera Nikon D200 equipped with Nikkor 20 mm lens, from scan position 3. The 20% overlap between consecutive pictures is
noticeable.
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For each image, detected lines are classiﬁed in horizontal and ver-
tical lines, and intersected to compute the coordinates of the intersec-
tion points, mostly corresponding to corners. These points, together
with the lines they belong to, will be used in the computation of the
orientation parameters of the images.
The same procedure is applied in the RGB images, with the main
difference that, since their resolution is much bigger than that of ther-
mographic images, the LSD algorithm detects more lines, and conse-
quently there are more points available to be subjected to further
processing. An example of the performance of the Line Segment De-
tector Algorithm in RGB images can be seen in Fig. 7.
3.2. Point cloud processing
The ﬁrst step of the 3D processing is to reference all scan positions
to the same coordinate system. In this case, scan position 2 is chosen
as the reference, since the verticality of the laser scanning instrument
was precisely adjusted through internal inclination sensors which
have a measurement range from approx. −5° to +5°. The reﬂective
targets previously placed in the scene are used for referencing the dif-
ferent scan positions, as targets visible from two scan positions are
identiﬁed as common points, and their coordinates in the different
systems are used for the computation of the orientation parameters
of each scan position regarding the reference scan position [28].
After referencing all scan positions to one coordinate system, the
three point clouds are put together in a common point cloud (Fig. 3),
in which the building is isolated from its surroundings (Fig. 8). The
point cloud of the building is ﬁltered so that redundant points are re-
moved from the process: an octree ﬁlter is used, which creates cubes
of a certain size and keeps one point in each cube, deleting the rest
and producing as a result a point cloud with homogeneous density in
all directions. In the building under study, the cube size chosen was
15 mm, which is the cube size that fulﬁlls the compromise between re-
ducing the size of the point cloud as much as possible to ease further
processing and keeping a number of points large enough for the perfect
identiﬁcation of all the existing planes. As a result, the point cloud was
reduced from 769,295 to 450,978 points.
A local variance study is the basis for the automatic segmentation
of the point cloud in different planes, and the computation of the in-
tersection lines between planes. The local variance study is performed
using Principal Component Analysis (PCA) with the covariance meth-
od, as presented in [29], taking advantage of the fact that the eigen-
vector associated with the smallest eigenvalue is the normal vector
of the point. PCA is performed using the 50 closest points for each
point in the point cloud [30]. From the results, eigenvalues are or-
dered in a descending sequence, so we called “ﬁrst eigenvalue” to
the biggest one, and “third eigenvalue” to the smallest one, conse-
quently to that associated with the normal vector of the point. Then,
normal vector smoothing is performed by averaging normal vectors
of points in the same neighborhood, similar as done in [31].
Once the normal vector smoothing process is ﬁnished, points are
classiﬁed depending on the direction of their normal vector, into the
two main classes present in the building under study: (a) parallel to
the main wall, in this case, the one with the main door, Fig. 9a and
(b) perpendicular to the main wall, consequently, parallel to the
side walls, Fig. 9b. In both cases, the angular threshold for considering
a point in a group is set to 30°. For cases presenting horizontal sur-
faces such as intermediate roofs or balconies, points belonging to
these surfaces are classiﬁed into a third main class. Then, points be-
longing to parallel planes are separated with a distance criterion:
since the points belonging to the same wall are not exactly in the
same plane in the point cloud, a threshold of 15 mm is left in the
Fig. 5. Schema of the proposed working methodology for the generation of a textured 3D model and its consequent textured as-built BIM.
Fig. 6. Example of lines detected by the LSD algorithm. The white arrow highlights detected non-real lines. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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normal direction of the planes for including points in the same plane;
when this threshold is exceeded, points are considered as part of a
new plane with the same orientation. This value is enough for most
building constructions, since usually parallel walls present greater
separation between them.
At the same time, the eigenvalues computed in the local variance
analysis are also used to detect both the edges of the point cloud
and no-smooth regions such as the transition between a wall and a
door or the presence of curtains on windows, taking advantage of
the fact that points belonging to these edges present a ﬁrst eigenvalue
1.5 or 2 times larger than the second, and consequently, than the
third [32]. In the building under study, edges were used for the detec-
tion of highest points, which belong to the horizontal plane of the
roof: of lowest points, representing the plane of the ﬂoor; and also
for the borders of the door at the main wall.
After all points have been classiﬁed into the different planes, inter-
section lines are obtained from points belonging to secant planes. Fur-
thermore, points following the boundaries of the point cloud and its
holes also manifest themselves as lines. Fig. 10 shows all the lines
detected after this processing in the building under study. Points
present in the intersection between two or more lines are denoted
as “boundary points” that delimit each surface of the building, and
they are used for the deﬁnition of the different surfaces in the
gbXML schema (red points in Fig. 10). These points will be used
both for the computation of the orientation parameters of the images
regarding the point cloud and for the generation of the Building Infor-
mation Model.
3.3. Computation of orientation parameters
3D points belonging to more than one line and the 2D intersection
points are used to compute the orientation of each image with respect
to the point cloud through an iterative process using RANSAC, as
presented in[33], Fig. 11. Since RANSAC is an iterative method to
solve a problem using the minimum number of input values needed,
only three 3D to 2D point correspondences are needed to calculate
the orientation parameters through solving the collinearity equations,
Eqs. (1) and (2) [34,35], in an iterative process until residuals in the
orientation of the image with the point cloud reach a value under
0.001 m:
xa ¼−f  ð m11  Xa−Xoð Þ þm12  Ya−Yoð Þ þm13  Za−Zoð Þð Þ
= m31  Xa−Xoð Þ þm32  Ya−Yoð Þ þm33  Za−Zoð Þð ÞÞ
ð1Þ
ya ¼−f  ð m21  Xa−Xoð Þ þm22  Ya−Yoð Þ þm23  Za−Zoð Þð Þ
= m31  Xa−Xoð Þ þm32  Ya−Yoð Þ þm33  Za−Zoð Þð ÞÞ
ð2Þ
where: (xa, ya) are the coordinates of a point in the image coordinate
system; (Xa, Ya, Za) are the coordinates of the same point in the point
cloud coordinate system; (Xo, Yo, Zo) are the coordinates of the origin
of the point cloud coordinate system; f is the focal length of the cam-
era; and m11, m12, …, m33 are the components of the rotation matrix
that transforms the image from its coordinate system to the point
cloud coordinate system.
Once a result is obtained because the residuals in the orientation
reach a value under the threshold, a new set of point correspondences
is chosen following the RANSAC iteration process, and the orientation
parameters are computed again. The evaluation of each result of the
RANSAC iterative process is performed by applying the rotation matrix
Table 2
Example of number of lines and preferential location on the thermographic images:
analysis of the optimal color palette.
Copper color palette Red color palette
Image Lines detected Image Lines detected
439 582
586 638
683 657
Fig. 7. Lines detected in an RGB image of the building under study through the appli-
cation of the Line Segment Detector algorithm.
Fig. 8. Original point cloud of the building under study.
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and translation vector to the image and computing the number of pixels
in the 2D lines that coincide with points in the extracted 3D lines. The
result that presents a maximum number of pixels in the 2D lines coin-
ciding with points in the 3D lines is considered as the best, although
the second and third best results are kept in memory as backup since
the result with the highest number of coincident points is not always
the optimal. The choice of the best result is made through the visualiza-
tion of the textured mesh. The mesh is generated in a process indepen-
dent to the registration process by triangulating the point cloud with
the Delaunay triangulation algorithm and a maximum triangle side of
1 m; then each thermographic or RGB image is projected on its corre-
sponding triangles.
The resulting 3Dmodels with thermographic and visible texture are
shown in Fig. 12. They combine both the geometric information of the
building and the thermographic information showing the state of the
building in the case of the thermographic 3D model, or the RGB infor-
mation representing the reality of the building and improving the us-
ability of the geometric model in the case of the RGB 3D model.
Apart from the 3D models, orthothermograms and orthophotos
can be generated by the projection of each wall on a parallel plane
Fig. 9. Planes extracted of the building under study: (a) parallel to the main wall, (b) perpendicular to the main wall, view from scan position 2 or the left side of the building.
Fig. 10. Lines detected in the building under study with the local variance analysis. Red points are those used for the deﬁnition of each surface in the generation of the as-built BIM.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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(orthographic projection). These images have geometric scale and no
distortion, so that they make the function of a map. In this way, ther-
mal faults identiﬁed in the thermographic model can be converted to
length and surface values in the real world; the same happens to
measurements performed in the visible model, but in this case, the in-
terest is set more on construction elements such as windows and
doors. Examples of the orthothermograms and orthophotos generat-
ed from the models are shown in Figs. 13 and 14.
4. Generation of textured as-built BIM
Once data is processed, the resulting thermographic and RGB 3D
models are used to generate a more practical and known solution: an
as-built BIM. Since the ﬁnal purpose of the as-built BIM is to include tex-
tures for supporting the diagnosis of an existing building and the man-
agement and decision-making for energy rehabilitation works, only a
simpliﬁed geometry of the building is required. The standard selected
to generate the textured as-built BIM is the gbXML, developed by
Green Building Studio® in order to facilitate interoperability between
building information tools and energy analysis systems [36]. Therefore,
this standard is designed for including only the information needed to
support energy analysis being commonly used as input for energy sim-
ulation software.
In terms of geometry, gbXML only represents rectangular shapes,
simplifying the geometry so that it can be used as input for most en-
ergy analysis tools [37]. The 3D feature extraction based on curvature
analysis (Fig. 5) that allows the registration between images and the
point cloud is also used to generate the geometry of the as-built BIM
model. The lines detected (Fig. 10) are intersected in order to obtain
the boundary points that deﬁne each surface. After that, points are
reorganized in groups corresponding to each surface in a format so
that they can be used for writing the schema.
All the geometric information is deﬁned in the Campus element,
composed of the global child elements: Location, Building and Sur-
face (Fig. 15). While the Location element is used to indicate the
global position of the building and its orientation from the North,
the Building element describes the spaces or volumes enclosed by
surfaces, and ﬁnally the Surface element represents each surface.
Several attributes can be used to provide semantic information
such as surfaceType, which deﬁnes the adjacency of one ormore condi-
tioned spaces and constructionIdRef that ﬁnal references each surface
with the Material characteristics. Finally, the characteristic points that
deﬁne one surface are included in the child CartesianPoint that gives
the model its three-dimensional representation through its three coor-
dinates (x,y,z).
Other descriptive data associated to geometry through attributes
can be included in the schema in order to make a thermal character-
ization of the building, enabling the performance of energy analysis
and simulations. This descriptive information is mainly quantitative
as U-value in Construction elementor R-value in material element,
inter alia. Regarding qualitative data, it is possible to deﬁne each Ma-
terial element with a texture through the ImageTexture element
(Fig. 15) while there is no option to reference a characteristic texture
to each surface. Taken into account this gap, an alternative solution is
proposed in this paper, by importing the generated as-built BIM
model to the commercial software Sketchup© usingthe Gmodeller©
plugin. Orthothermograms and orthophotos are used to texture the
model, showing the real state of the building and therefore becoming
a qualitative solution towards an efﬁcient management in terms of
energy rehabilitation works (Fig. 16).
As the Location element in the gbXML schema allows the deﬁni-
tion of a set of geomatic features such as Latitude, Longitude and Ele-
vation, the model is georeferenced. Therefore, with the aim of giving
the building a global contextualization, the model is also geotagged in
Google Earth®, as shown in Fig. 17.
Fig. 11. Iterative processes used for the resolution of the collinearity equations and the image registration with the point cloud.
Fig. 12. Thermographic and RGB 3D models generated after the application of the proposed methodology.
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4.1. Use of the generated as-built BIM
The generated as-built Building InformationModels can be used to
improve energy rehabilitation processes and decision-making: the
thermographically textured BIM can improve the diagnosis of the
faults, since both insulation and moisture faults can be detected
even when they are not visible to the human eye, as well as their
exact location within the building; and the BIM with photographic
texture can help in the interpretation of the three-dimensional and
thermographic reality, enabling the identiﬁcation of the thermal
anomalies with construction components. For example in Fig. 18
(left) the dark red area in the down part of the wall identiﬁable in
the thermographic BIM (highlighted with a black circle) could be as-
sumed as a big lack of insulation, and therefore a severe fault; howev-
er, an inspection in Fig. 18 (right) shows that this area (also
highlighted with a black circle) is made of a different material, so it
presents a different emissivity value and for this reason appears as
having a different temperature in the thermographies. This way, the
photographic model avoided the performance of an unnecessary
repair.
The opposite situation happens in the upper part of the wall,
where a warmer area is detected in the thermographic model, show-
ing a big heat loss, common in this location since warm air tends to go
over cold air; the photographic model shows no difference between
the upper part of the wall and the rest. In fact, if only the photograph-
ic model is considered, this area should appear colder due to the
shade projected on it by the cantilever. Consequently, the photo-
graphic model dismisses other possible causes for the temperature
difference and conﬁrms the presence of the detected heat loss. In
this case, the defect, which was unnoticeable for the human eye,
was detected in the thermographies and measures can be taken for
its disappearance.
5. Conclusions
This paper presents a procedure for the automatic registration of
thermographic and RGB images with a point cloud, consequently
obtaining textured 3D models. Registration is performed through
the extraction of 2D line features in the images and 3D line features
in the point cloud, followed by feature matching and computation
of the orientation parameters, parameterized as a combination of a
rotation matrix and a translation vector. Line features are chosen
given the higher stability and quality of results when comparing with
image – point cloud registration using point features. What is more,
for the case of the thermographic images, the procedure for image
registration with a point cloud does not change the temperature –
color relation, thus the thermographic 3D model stands the perfor-
mance of common thermographic studies. The textured 3D models
are then converted to BIM with the gbXML format, which gives more
value to the complete product, since it can include all kinds of informa-
tion related to energy analysis of the building, such as materials, ther-
mal properties, and prior repairs. As a result, decisions about energy
Fig. 14. Orthophotos obtained after the projection of the walls of the textured 3D model to parallel planes.
Fig. 15. A general schema of the standard gbXML shows the main child elements used to generate the as-built BIM. Geometry is represented in the Campus element, and descriptive
data in the other gbXML child elements, which are related to geometry by deﬁning attributes.
Fig. 13. Orthothermograms of the building under study.
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rehabilitation actions are taken on a more accurate state, with a com-
plete and wide knowledge of the reality of the building, at its present
and from its past.In this way, a much wiser decision-making can be
done, maximizing energy and economy savings, both by reducing con-
sumption and by choosing the optimal actions to be accomplished.
The standard chosen for BIM deﬁnition, gbXML, was specially cre-
ated for the use of Building Information Models in energy analysis
software. Consequently, it only represents rectangular shapes and
simple geometry, which is opposite to the information obtained
with a laser scanner, which is the device used for geometric data ac-
quisition. However, the user of laser scanning devices in this method-
ology is supported by the fact that they provide fast and accurate
representations of the facilities, whereas simpler methods such as
total-station or even photogrammetry are too time-consuming or in-
accurate to be practical on a large scale.
Although the process is almost completely automatic, it still re-
quires the intervention of the user for the inclusion of semantics in
the point cloud: although the areas representing “ﬂoor” and “ceiling”
are automatically identiﬁed, the user needs to deﬁne which is the
main wall, and to order the points that deﬁne each surface so that
surfaces are adequately deﬁned following the gbXML standard. This
is the main drawback for the use of this workﬂow in large buildings,
since maintaining the appropriate order of the walls and its deﬁning
points requires both knowledge of the geometry of the building and
working time to avoid confusions.
In order to improve the working process and make it more easily
used in large-scale projects such as residential buildings, schools or hos-
pitals, futureworkwill be developed towards the automatic recognition
of the entities forming the building, and the inclusion of their semantics
in the gbXML schema. What is more, and with the second aim at im-
proving results, different approaches will be taken for line detection in
images, so that results are independent of the color palette used and
the temperature–color relationship is unchanged.
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General Discussion 
 
 
 
 
      GENERAL DISCUSSION 
 
 
 
The main objective of this thesis is the study of 3D thermography in general, but especially 
applied to the study of historic structures. This field is a key issue nowadays all over the world 
given the importance acquired by the control of energy consumption and greenhouse gases 
emissions for ecological, health and mainly economic reasons. The fact that the existing 
building stock causes more than 32% of the total final energy consumption in the world, around 
40% of primary energy consumption (Lombard, 2008), makes of these structures the first target 
of actions towards energy efficiency and sustainability (Ramos, 2004). 
The interest of using non-destructive techniques, such as geomatic and thermography, lies in the 
importance of their maintenance and conservation as reflections of the history of the current 
society (ICOMOS, 2001). Furthermore, the suitability of each of them (geomatic techniques and 
infrared thermography) for the acquisition of each type of data in historic structures: geometry 
and condition state, has been widely addressed in literature, as an example the works of 
(Truong-Hong, 2013) and (Ergun, 2010) in 3D modelling of historic structures using different 
geomatic techniques, and the works of (Grinzato, 2002) and (Rosina, 2003) about infrared 
thermography applied to the detection of different defects in historic buildings. 
Several paths have been followed during the performance of this research, with the focus at 
finding the optimal technique for the generation of thermographic 3D models, both in terms of 
working time (including data acquisition and processing) and quality of results. 
A review of the results obtained is included below, divided in the specific objectives of the 
thesis: 
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- Cameras calibration 
Thermographic cameras are usually thermally calibrated, which is a process consisting on the 
computation of the curve relating temperature with radiation received by the thermographic 
sensor, and makes the measurement of temperatures in thermographic images possible 
(Maldague, 2001). However, if we consider to use the geometric information contained in the 
images, the geometric calibration of the thermographic sensor is needed, in the same way as in 
photogrammetric cameras (Luhmann, 2006). 
With the purpose of performing the geometric calibration of thermographic cameras two 
different calibration fields have been designed and manufactured: the first one, based on the 
temperature difference between the background and the targets; the second one, based on the 
emissivity difference between the same components. They are both presented in Chapter 1. 
In the case of the first calibration field, made of wood and light bulbs as targets, calibration is 
possible thanks to the accurate detection of all targets in the thermographies once the light bulbs 
have been on for a short time. However, the electric circuit makes the calibration field heavy 
and non-easy to carry, and the heating of the bulbs provokes a diffraction effect between each 
bulb and the wooden background that makes difficult the accurate detection of the centre of the 
target. 
For these reasons, the second calibration field was designed, taking as basis the detection of 
materials at the same temperature as if they were at different temperatures if their emissivity 
values are different. Following this requirement, a black cardboard has been chosen for the 
background, while aluminium paper has been the chosen material for the targets. In this case, 
targets are a bit more difficult to detect completely, especially those of the outer parts of the 
field, but their centres are more accurately detected thanks to the absence of diffraction effect. 
What is more, the materials and the configuration of the field make it light and portable. 
Regarding the calibration parameters, all of them show lower standard deviation values when 
calculated from images of the emissivity calibration field. This fact shows the higher stability of 
this field comparing to the temperature field, given the higher precision of the results obtained. 
What is more, if both calibration sets are used for modelling the same object, verification 
measurements show that the accuracy of the models is higher for that generated using the 
calibration parameters coming from the emissivity calibration field: the maximum error in a 
measurement carried out in this model is 6mm in 1m (0.6%), whereas it is double (error of 
12mm in a 1m distance measurement) in the model generated with the temperature calibration 
set. 
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- Methodology for the integrated inspection and documentation of historic structures 
Several methodologies have been developed during the research carried out for this thesis, 
mainly depending on the intended approach: while the use of photogrammetry principles 
requires the acquisition of thermographies from different positions regarding the structure under 
study, the combination of thermography with the point cloud demands the acquisition and 
processing of two heterogeneous types of data. 
As can be seen in Chapters 2 to 7, there are some common requirements in every thermographic 
acquisition, mainly leading to the acquisition of valid temperature values. These requirements 
are the following: not performing thermographic measurements under the direct radiation of the 
sun and less than 24 hours after the rain (Rosina, 2003; Martín, 2004). In the first case, 
undesired reflects can appear in the image, while temporary marks of humidity can appear in the 
second if the material had no time to dry completely. What is more, and in order to obtain the 
most accurate temperature value possible, thermographic images should be taken from the most 
perpendicular angle possible to the wall under study, except when the object is made of a 
metallic material. In this case, the acquisition of thermographies from a small angle is preferred 
so that undesired reflections are avoided. 
Attention must be also taken to the focus of the camera, since it must be kept at a position for 
which the values of the calibration parameters are known. 
If a photogrammetry approach is to be taken, apart from the images from a perpendicular 
position, useful for temperature measurement, overlapping images have to be acquired in order 
to be subjected to image matching algorithms (Chapters 3 and 4). Another option is the only 
rectification of the image for standing geometry measurements, as explained in Chapter 2. In 
this case, the only requirement is that the thermographic scale bars should appear in the 
thermographic image. 
For more complex geometries or the generation of complete 3D models of the structure, laser 
scanning is the geomatic technique to be recommended for the acquisition of geometric data 
(Tang, 2010; Huber, 2011). In this situation, data acquisition should be carefully planned in 
order to minimize the number of stations (and therefore, time) and to avoid missing information 
due to occlusions. 
Regarding thermographic data processing, the first step is the correction of the values measured 
by introducing the emissivity value of the material in the image, so that real temperature values 
are represented (Fokaides, 2011). The following step consists on the choice of a temperature 
interval representative of the condition of the building in its entirety, so that each colour 
represents the same temperature for all the walls in the model. This step is compulsory in case 
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several thermographies are needed for the complete representation of the model or 
orthothermographies, as in Chapters 3 to 7. In the case only one thermographic image is needed, 
as in Chapter 2, it is evident that the temperature interval used should be representative for the 
phenomena present in the image, but only this image should be taken into consideration. 
While single image rectification already presents a consistent methodology in Chapter 2, the 
methodologies for the generation of orthothermograms applying photogrammetric principles or 
thermographic 3D models by fusing thermographies with a laser scanning point cloud have been 
improved during the development of this thesis. 
In the case of using photogrammetric principles for the conjoint exploitation of thermal and 
geometric information from the thermographies, the application of image matching algorithms 
was the approach taken. The improvement at the different steps is analysed below: 
1. Image registration: the application of a feature extractor and descriptor invariant to 
geometric and radiometric variations (Chapter 4) improves the number of features 
extracted, together with the chances of success in the following matching step, 
especially due to the radiometric variations that a point in an image can present with 
respect to the same point in another image, just because of different reflections. It 
should always be remembered that thermographies represent radiation and not 
chromaticity, so the chances of radiometric variation are much higher than in the case of 
photographic images. 
2. Image matching: in Chapter 3, an approach taking into consideration the correlation 
value between point pairs is presented, subjected to human intervention for the 
detection of incorrect matches given the low variability of the correlation value in 
buildings, where the structures are highly repetitive. In Chapter 4, human intervention is 
eliminated through the application of computer vision algorithms prior to 
photogrammetric equations, implying the refinement of the image registration as it is 
done in two steps: in the computer vision step, only relative coordinates of images are 
computed, whereas in the photogrammetry step these relative positions are finely 
adjusted and translated to the global coordinate system.  
3. Dense surface modelling: the main drawback in this step is the low spatial resolution of 
thermographic images. To solve this limitation, two different approaches have been 
considered: on the one hand, the thermographic image can be fused with a photographic 
image, which usually presents higher resolution (Haydn, 1982); the resulting fused 
image presents the spatial resolution of the photographic image and the radiometric 
information of the thermographies. This way, the application of a Dense Surface 
Modelling algorithm based on the search of identical search patches to the fused image 
results in a point density of 1 point per pixel. The second option considered is the 
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application of a pixel-by-pixel algorithm rather than a search-area (Hirschmüller, 2008); 
the results obtained here present more dependence on the material in the thermographic 
image, but results range from 2 to 5 points per pixel according to experimental results. 
 
When turning to the fusion of thermographies with laser scanning point clouds, Chapters 5 to 7 
show a clear progress in the generation of complete 3D models of buildings with thermographic 
texture: 
i. Image registration: while in Chapter 5 this step is performed through the manual 
marking of corresponding points in the thermographies and the point cloud and 
computation of registration parameters using commercial software, Chapter 6 presents 
an automatic methodology for feature extraction in both the thermographies and the 
point cloud that leads to the resolution of the 2D-3D problem of registration in an 
approach similar to the one presented by (Stamos, 2001). 
ii. 3D modelling: analogous to the previous step, point cloud processing for the generation 
of a 3D model is carried out using commercial software in Chapter 5. Software 
development lead to the performance of this step automatically thanks to the 
segmentation process performed for segmentation in Chapter 6. 
iii. Use of the model: Both in Chapters 5 and 6, the final product of the methodology is a 
thermographic 3D model, in which geometric measurements can be performed 
(distances, areas and volumes) apart from detection of thermal defects and their exact 
location. The conversion of the 3D model into a Building Information Model following 
the gbXML standard is explained in Chapter 7, so that each entity has a label giving it 
semantics: instead of surfaces, the model is formed of “walls”, “ceilings”, “floors”; and 
instead of holes, there are “windows” and “doors”. What is more, BIM includes 
complementary general information (Eastman, 2008), as location and orientation, year 
of construction and subsequent works, use schedule and nature; together with 
information of each entity, such as materials and their thermal properties (thermal 
conductivity and thermal resistivity values, density), year of installation in the building, 
renovation, etc. These facts lead to the possibility of assessing the use in the building, 
analysing its energy consumption or illumination needs, and even planning optimal 
interventions. Furthermore, thermographic texture can also be applied to these models, 
so that the analysis of detected defects can be the same as in the previous product 
(detection, localisation, affected area measurement). 
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- Development of software for thermographic and geometric data fusion 
Terrestrial infrared thermography is mainly applied to energy and thermal studies, so 
commercial software is mostly focused on image processing and analysis with this goal (Brock, 
2012). On the other hand, software performing image processing with geometry purposes in 
multi-range images is commercially developed for satellite or aerial acquisitions, which present 
higher spatial resolution than thermographic images acquired with a hand-held thermographic 
camera (Sun, 2011). These has motivated the need for the generation of programming code to 
work with thermographies in the exploitation of their geometric information:  
- Thermographic image enhancement: as stated in the Methodology, the first step in 
thermographic data processing is the election of a temperature interval adequate for the 
representation of the phenomena taking place in the wall or the building in their 
entirety. This step is deeply explained in Chapter 5. 
- Thermographic registration: feature extraction and matching is developed for the 
generation of thermographic mosaic representing a complete wall (when the structure 
analysed is a building) in those cases where the space available does not allow for its 
acquisition in just one image, given the field of view of the thermographic camera used. 
There exists the possibility of registering the images one another, or registering all the 
thermographies needed with a photographic image representing the entire wall, as in 
Chapter 3.  
- Thermographic mosaic generation: the generation of a thermographic mosaic from 
registered thermographies requires the computation of the radiometry values for the 
pixels in the overlapping areas in order to minimize the appearance of edge seam 
phenomena. This is implied in Chapters 3 and 4. 
- 2D-3D registration: the extraction of linear features from thermographic images and the 
point cloud, their matching and the computation of the orientation parameters required 
the detection of lines in the thermographic images as places in which the change of 
orientation of the pixel is more likely, the segmentation of the laser scanning point 
cloud in planes and the corresponding intersection lines, and the iterative computation 
of the orientation parameters and errors from random sets of matches. These steps are 
explained in Chapters 6 and 7. 
- 3D modelling: the segmentation of the point cloud required in the previous step leads to 
the knowledge of the characteristic components of the structure analysed, such as the 
normal vector of each surface, leading to the generation of solid 3D models for their 
subsequent texturing, as presented in Chapter 7. 
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- Analysis of the viability of the combination of geomatic and thermographic techniques 
for the integrated inspection and evaluation of historic structures 
This thesis dissertation presents several approaches to the generation of thermographic 3D 
models, which stand both geometric and thermal information in the same product. All the 
different methodologies present high quality results in terms of generated product and working 
time, being efficient alternatives for the generation of a product that can stand complete energy 
audits of a structure. 
Examples of the capabilities of the combination of techniques appear in Chapter 3 (discard of 
presence of humidity, detection of an insulation fault in the wall where heaters are, that allows 
the loss of heat through the wall), Chapter 6 (detection of insulation flaws in the joints of the 
panels forming the wall), Chapter 7 (detection of a thermal bridge in the joint between walls and 
the ceiling), and specially Chapter 4, where the quantification of the thermal study is performed 
through the computation of the quantity of energy lost through each wall by conduction thanks 
to the knowledge of the surface corresponding to each material and its thermal state. 
 
- Integration of results in Integrated Assessment Systems 
The availability of a system for the conjoint analysis of thermal defects and their geometry is of 
utmost importance for the quantification of the severity of the defect (Previtali, 2012). 
Furthermore, the visualization of the element under study in its entirety allows the detection of 
defects that could have go unnoticed if thermographies were studied individually. Extra 
advantages are obtained if the structure can be thermographically visualized in three-
dimensions, mainly because the understanding of the phenomena taking place increases 
exponentially (Solla, 2013). 
Given that the three-dimensional information of the structure under study is already processed 
for the generation of the thermographic 3D model, the system chosen for the integrated analysis 
of the structure is Building Information Model. This kind of models were conceived as specific 
databases for buildings in a three-dimensional domain, in which not only the geometry but also 
descriptive data of the elements defining the building (materials, installations). Apart from all 
these data, a thermographic texture can be given to the model for its visualization, helping to the 
positioning of the defects and the measurement of their length or area affected. An example of 
this can be seen in Chapter 7.  
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      GENERAL CONCLUSIONS 
 
 
Several methodologies for the integral inspection of historical structures, mainly focused on 
buildings, using a combination of geomatic and thermographic techniques have been developed 
and tested in this thesis. The results of the proposed methodologies validate the employment of 
geomatic techniques as accurate and complete tools for the geometric survey of as-built structures 
together with the use of infrared thermography for the analysis of their condition state: three 
approaches for the generation of thermographic 3D models and their associated 
orthothermograms, or rectified images directly from thermographic images by applying the 
principles of terrestrial photogrammetry; one methodology for the fusion of thermographic 
images with geometric data from a laser scanning point cloud, whose evolution towards 
automation is also shown in this thesis. Furthermore, a methodology to enable the exploitation of 
the geometric information available in thermographic images is presented through the design and 
manufacturing of a special geometric calibration field. This step is essential for the application of 
all the other proposed methodologies, since the inner orientation parameters of the camera are 
basic knowledge for further computations. 
Resorting to differences in emissivity between materials or to differences in temperature are the 
proposed alternatives for the design of a field adequate for the geometric calibration of 
thermographic cameras. Experimental results shown that emissivity-based fields present more 
accurate results, with lower deviation values, and the model resulting from image orientation and 
point restitution applying photogrammetric principles and the calibration parameters from this 
field presents lower dimension errors and more consistency. This may be due to the absence of 
diffraction effects between the targets and the background that make more difficult the precise 
detection of their centre. 
Apart from the higher quality results, the emissivity-based calibration field presents higher 
portability due to its configuration with light materials and absence of power supply. This factor 
presents an essential advantage for the real thermographic work, which can be applied to many 
different fields and presents high mobility not always energy-powered: different buildings, 
accessible from different positions and distances; different carrying platforms, etc. For these 
reasons, we can conclude that the emissivity-based calibration field is more adequate for the 
desired working purpose. 
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The application of photogrammetry principles to the rectification of thermographic images allows 
the performance of geometric and thermal measurements simultaneously in the same resulting 
image. The main advantages of the proposed methodology are its efficiency for the performance 
of façade inspections, since they can be developed from just one image, with the consequent 
reduction in working time, both in the data acquisition and the data processing steps; and its 
applicability to other civil structures such as bridges and tunnels, where acquisition speed presents 
special importance. The drawbacks of the methodology are the need of carrying the 
thermographic scale bars, but this inconvenience has been minimized by the use of light materials 
and an adaptable configuration (the bars can be bent for easier carrying); the simplicity of the 
geometry of the façade under study preferred for obtaining optimal results can be a limitation for 
the application of this methodology, consequently more methodologies have been proposed in 
this thesis. 
In those cases where the space available for data acquisition does not allow the caption of the 
whole façade in one thermographic image, or where the complexity of the geometry implicates 
the results from image rectification, the preferred methodology is the application of 
photogrammetric principles in image matching for dense surface modelling. The main advantage 
of this approach regarding the previous one is that different products can be generated: a point 
cloud with thermographic information and density acceptable for further processing, a solid 3D 
model with thermographic texture, and its corresponding orthothermograms. All of them can be 
subjected to energy analysis (for example, quantification of heat lost through a wall by 
conduction) and thermographic inspection for the detection of thermal flaws and other defects, 
and data acquisition is light since it involves the only use of a thermographic camera, and in some 
cases a photographic camera as an auxiliary device. In addition to this, different alternatives have 
been analysed for feature extraction and matching, image orientation, and dense surface 
modelling during the development of this thesis, all of them providing similar results; this fact 
makes the photogrammetry approach versatile and therefore applicable to many different 
conditions, since the optimal combination of processes can always be searched for the generation 
of the best thermographic-geometric product. 
Lastly, a methodology for the fusion of thermographic information with geometric information 
from a laser scanning point cloud is proposed for the generation of complete 3D models enabling 
the study of the whole as-built reality rather than façades in isolation. The main advantages of this 
approach are, on the one hand, the capacity of representing more complex geometries with higher 
accuracy, mainly due to the technical possibilities offered by laser scanning devices; on the other 
hand, the availability of knowledge about the thermal state of the building as a whole facilitates 
the understanding of the different phenomena taking place, which could be misunderstood and 
incorrectly estimated if only information of the walls in isolation is known. The main drawback 
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of this methodology is the use of a laser scanner in addition to the thermographic camera; this is 
the reason why the use of the methodology is only recommended for the cases where the 
inspection includes the complete building, or the complexity in the geometry justifies its use. 
During the development of this thesis, the first approach taken for the solution of the 2D-3D 
problem of thermographic image registration with the point cloud, which required high 
intervention of the operator, has been evolved towards a more automated methodology. This has 
led to the reduction of the registration error mainly due to the removal of the operator influence. 
What is more, the processing towards the registration of thermographies allows the exploitation 
of the results towards the segmentation of the point cloud and parameterization for its conversion 
into BIM format, as well as the direct introduction of the 3D model in an Integrated Assessment 
Software in which also information from the thermographies can be included. The potentially 
useful thermographic information goes from the application of the images themselves as a texture, 
to the temperature values, or more important, to heat loss values obtained after computation of 
the area affected by each insulation flaw, or the value of the thermophysical properties of the 
materials obtained after a more specific thermographic survey. 
Finally, we can conclude that the conjoint availability of geometry and thermal information in the 
same product presents important advances to the performance of energy audits in historical 
structures, especially for the case of buildings, where computation of heat losses and 
quantification of area affected by pathologies such as humidity is of primary importance for the 
understanding of the thermal behaviour of the building and the performance of more efficient 
energy rehabilitation actions. 
Methodologies based on the application of photogrammetric techniques for the exploitation of the 
geometric information directly captured in the thermographies due to their nature of 
representatives of the reality have proved their validity especially for the generation of 
orthothermographies, being more efficient for the study of isolated walls than of the building as 
a whole, especially regarding time needed for both data acquisition and data processing.  
Methodologies working on the fusion of thermographic data with geometric data coming from 
laser scanning through the registration of images with the point cloud present more efficiency for 
the generation of thermographic 3D models, especially given the reduction of time needed for 
acquisition and data processing in comparison with the application of photogrammetry-based 
techniques. This fact is especially relevant for the acquisition of data from the whole building or 
for walls in isolation presenting complex geometries. Another advantage of the fusion of laser 
scanning with thermography is the higher workability of the resulting product regarding the 
introduction of the information in Integrated Assessment Systems such as Building Information 
Models. 
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        FUTURE LINES 
 
 
Different methodologies for the conjoint exploitation of thermographic information and geometry 
in buildings have been proposed, tested and validated during the development of this thesis. 
Regarding this fact, future work will focus on two main, and different, directions, which have 
been identified as necessary and promising, but not developed since they exceeded the objectives 
of this thesis: 
1. Development of a methodology for the performance of thermographic tests during building 
inspection and automatic data computation of thermophysical properties. The aim of this research 
line is the complete exploitation of the information included in the thermographic images through 
the use of the temperature values for the computation of the thermophysical properties of the 
constructive materials or elements under study, such as thermal diffusivity and thermal 
conductivity. Different testing methodologies will be analysed in order to find the optimal 
procedure for its incorporation in the building inspection, and the adequate thermal model will be 
evaluated so that the one most in accordance with the thermal phenomena is used for computation. 
Software applications will be developed for the introduction of the computed values of the 
thermophysical properties as attributes of the corresponding entity (wall, ceiling, window, etc) in 
the Building Information Model, so that the filling of the BIM with semantic information is 
automatically performed. 
The use of infrared thermography for the calculation of thermophysical values has already been 
tested with good results in laboratory specimens, as it was defended in a project entitled 
“Thermographic analysis of the thermal properties of wood for wooden windows” in the 
Conference Thermosense: Thermal Infrared Applications XXXV celebrated in Maryland in April 
2013. However, its use in buildings in situ has not been validated yet, which will provide infinite 
advantages such as the no necessity of extracting part of the element and the reduced number of 
equipment needed. 
2. Extension of the 3D thermographic studies from buildings to small areas such as 
neighbourhoods or small villages. In this case, the geometric support for the geometric studies 
will be the Digital Terrain Model (DTM) of the area; its generation with other sensors or directly 
from thermographies will be analysed and evaluated. On the first case, the possibilities of 
integrating and synchronizing thermographic cameras with sensors such as RGB cameras or 2D 
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lasers will be studied; whereas in the second case, the development of specific algorithms will 
lead to the exploitation of the geometric information contained in the thermographies for the 
representation of the 3D reality of the area.  
The conjoint availability of thermographic information and geometry of small groups of buildings 
will allow the detection of heat islands in cities, the analysis of trends of energy use within 
neighbours of the same area, etc. What is more, the extension of the thermographic 3D studies 
will also be included in Integrated Assessment Systems, such as cityGML, so that its effect on 
decision taking and energy assessment will still be valid.  
A first approach towards the generation and exploitation of thermographic DTM was presented 
under the title “Aerial Thermography from low-cost UAV for the generation of thermographic 
digital terrain models” in the AITA 2013 Conference (Advances in Infrared Technology and 
Applications), held in Torino (Italy) in September 2013, where it was awarded a prize “Under 35 
“Ermanno Grinzato” Paper Award”. 
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represented in the cited journal graph.
Total Cites 7891
Cites to Years Used in
Impact Factor Calculation
1937
Impact Factor 2.679
 
Self Cites 2287 (28% of 7891)
Self Cites to Years Used 
in Impact Factor Calculation
687 (35% of 1937)
Impact Factor without Self Cites 1.729
Journal Immediacy Index
Cites in 2012 to items published in 2012=125 
Number of items published in 2012 =516 
Calculation: Cites to current items 125 =0.242 
 Number of current items 516   
Journal Cited Half-Life
The cited half-life for the journal is the median age of its items cited in the current JCR year. Half of the
citations to the journal are to items published within the cited half-life.
Cited Half-Life: 5.5 years
Breakdown of the citations to the journal by the cumulative percent of 2012 cites to items published in
the following years:
Cited Year 2012 2011 2010 2009 2008 2007 2006 2005 2004 2003 2002-all
# Cites from 2012  125  912  1025  608  985  612  597  465  323  359  1880
Cumulative %  1.58  13.14  26.13  33.84  46.32  54.07  61.64  67.53  71.63  76.18  100
Cited Half-Life Calculations:
The cited half-life calculation finds the number of publication years from the current JCR year that account
for 50% of citations received by the journal. Read help for more information on the calculation.
Cited Journal Graph
Click here for Cited Journal data table
This graph shows the distribution by cited year of citations to items published in the journal ENERG
BUILDINGS.
Citations to the journal (per cited year)
- The white/grey division
indicates the cited half-life
(if < 10.0). Half of the
journal's cited items were
published more recently
than the cited half-life.
- The top (gold) portion of
each column indicates
Journal Self Citations:
citations to items in the
journal from items in the
same journal.
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- The bottom (blue)
portion of each column
indicates Non-Self
Citations: citations to the
journal from items in other
journals.
- The two lighter columns
indicate citations used to
calculate the Impact
Factor (always the 2nd
and 3rd columns).
Journal Citing Half-Life
The citing half-life for the journal is the median age of the items the journal cited in the current JCR year.
Half of the citations in the journal are to items published within the citing half-life.
Citing Half-Life: 6.5 years
Breakdown of the citations from the journal by the cumulative percent of 2012 cites to items published
in the following years:
Cited Year 2012 2011 2010 2009 2008 2007 2006 2005 2004 2003 2002-all
# Cites from 2012  231  1268  1468  1270  1222  1044  863  759  652  538  4579
Cumulative %  1.66  10.79  21.35  30.50  39.29  46.80  53.02  58.48  63.17  67.04  100
Citing Half-Life Calculations:
The citing half-life calculation finds the number of publication years from the current JCR year that account
for 50% of citations in the journal. Read help for more information on the calculation.
Citing Journal Graph
Click here for Citing Journal data table
This graph shows the distribution by cited year of citations from current-year items in the journal ENERG
BUILDINGS.
Citations from the journal (per cited year)
- The white/grey division
indicates the citing half-
life (if < 10.0). Half of the
citations from the
journal's current items are
to items published more
recently than the citing
half-life.
- The top (gold) portion of
each column indicates
Journal Self-Citations:
citations from items in the
journal to items in the
same journal.
- The bottom (blue)
portion of each column
indicates Non-Self
Citations: citations from
the journal to items in
other journals.
06/09/13 JCR-Web 4.5 Journal Information
sauwok5.fecyt.es/admin-apps/JCR/JCR?RQ=RECORD&rank=1&journal=ENERG+BUILDINGS 4/4
Journal Source Data
 
Citable items
Other itemsArticles Reviews Combined
Number in JCR year 2012 (A) 497 19 516 4 
Number of references (B) 12971 921 13892 2.00 
Ratio (B/A) 26.1 48.5 26.9 0.5 
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2011 JCR Science Edition
 Journal: ENERGY AND BUILDINGS
Mark    Journal Title   ISSN Total Cites
Impact
Factor
5-
Year
Impact
Factor
Immediacy
Index
Citable
Items
Cited
Half-
life
Citing
Half-
life
ENERG BUILDINGS 0378-7788 5508 2.386 2.809 0.286 434 5.6 6.6
Cited Journal    Citing Journal     Source Data   Journal Self Cites
Journal Information 
Full Journal Title:ENERGY AND BUILDINGS 
Eigenfactor® Metrics
Eigenfactor® Score
0.01134
Article Influence®
Score
0.619
ISO Abbrev. Title:Energy Build.
JCR Abbrev. Title:ENERG BUILDINGS
ISSN:0378-7788
Issues/Year:12  
Language:ENGLISH
Journal Country/Territory:SWITZERLAND
Publisher:ELSEVIER SCIENCE SA
Publisher Address:PO BOX 564, 1001 LAUSANNE, SWITZERLAND
Subject Categories:CONSTRUCTION & BUILDING TECHNOLOGY  
  
ENERGY & FUELS   
 
ENGINEERING, CIVIL   
 
Journal Rank in Categories:
Journal Impact Factor 
Cites in 2011 to items published in:2010 =623  Number of items published in:2010 =289 
 2009 =458   2009 =164 
 Sum: 1081   Sum: 453 
Calculation:Cites to recent items 1081 =2.386 
 Number of recent items 453   
5-Year Journal Impact Factor 
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Cites in {2011} to items published in:2010 =623  Number of items published in:2010 =289 
 2009 =458   2009 =164 
 2008 =721   2008 =251 
 2007 =508   2007 =135 
 2006 =496   2006 =160 
 Sum: 2806   Sum: 999 
Calculation:Cites to recent items 2806 =2.809 
 Number of recent items 999   
Journal Self Cites 
The tables show the contribution of the journal's self cites to its impact factor. This information is also
represented in the cited journal graph.
Total Cites 5508
Cites to Years Used in
Impact Factor Calculation
1081
Impact Factor 2.386
 
Self Cites 1632 (29% of 5508)
Self Cites to Years Used 
in Impact Factor Calculation
421 (38% of 1081)
Impact Factor without Self Cites 1.457
Journal Immediacy Index
Cites in 2011 to items published in 2011=124 
Number of items published in 2011 =434 
Calculation: Cites to current items 124 =0.286 
 Number of current items 434   
Journal Cited Half-Life
The cited half-life for the journal is the median age of its items cited in the current JCR year. Half of the
citations to the journal are to items published within the cited half-life.
Cited Half-Life: 5.6 years
Breakdown of the citations to the journal by the cumulative percent of 2011 cites to items published in
the following years:
Cited Year 2011 2010 2009 2008 2007 2006 2005 2004 2003 2002 2001-all
# Cites from 2011  124  623  458  721  508  496  395  326  305  377  1175
Cumulative %  2.25  13.56  21.88  34.97  44.19  53.20  60.37  66.29  71.82  78.67  100
Cited Half-Life Calculations:
The cited half-life calculation finds the number of publication years from the current JCR year that account
for 50% of citations received by the journal. Read help for more information on the calculation.
Cited Journal Graph
Click here for Cited Journal data table
This graph shows the distribution by cited year of citations to items published in the journal ENERG
BUILDINGS.
Citations to the journal (per cited year)
- The white/grey division
indicates the cited half-life
(if < 10.0). Half of the
journal's cited items were
published more recently
than the cited half-life.
- The top (gold) portion of
each column indicates
Journal Self Citations:
citations to items in the
journal from items in the
same journal.
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- The bottom (blue)
portion of each column
indicates Non-Self
Citations: citations to the
journal from items in other
journals.
- The two lighter columns
indicate citations used to
calculate the Impact
Factor (always the 2nd
and 3rd columns).
Journal Citing Half-Life
The citing half-life for the journal is the median age of the items the journal cited in the current JCR year.
Half of the citations in the journal are to items published within the citing half-life.
Citing Half-Life: 6.6 years
Breakdown of the citations from the journal by the cumulative percent of 2011 cites to items published
in the following years:
Cited Year 2011 2010 2009 2008 2007 2006 2005 2004 2003 2002 2001-all
# Cites from 2011  207  870  1041  1028  981  757  676  542  502  447  3541
Cumulative %  1.95  10.17  20.00  29.70  38.96  46.11  52.49  57.61  62.35  66.57  100
Citing Half-Life Calculations:
The citing half-life calculation finds the number of publication years from the current JCR year that account
for 50% of citations in the journal. Read help for more information on the calculation.
Citing Journal Graph
Click here for Citing Journal data table
This graph shows the distribution by cited year of citations from current-year items in the journal ENERG
BUILDINGS.
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- The white/grey division
indicates the citing half-
life (if < 10.0). Half of the
citations from the
journal's current items are
to items published more
recently than the citing
half-life.
- The top (gold) portion of
each column indicates
Journal Self-Citations:
citations from items in the
journal to items in the
same journal.
- The bottom (blue)
portion of each column
indicates Non-Self
Citations: citations from
the journal to items in
other journals.
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Journal Source Data
 
Citable items
Other itemsArticles Reviews Combined
Number in JCR year 2011 (A) 423 11 434 9 
Number of references (B) 10082 501 10583 9.00 
Ratio (B/A) 23.8 45.5 24.4 1.0 
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Copyright © 2013 Thomson Reuters.
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2012 JCR Science Edition
 Journal: AUTOMATION IN CONSTRUCTION
Mark    Journal Title   ISSN Total Cites
Impact
Factor
5-
Year
Impact
Factor
Immediacy
Index
Citable
Items
Cited
Half-
life
Citing
Half-
life
AUTOMAT CONSTR 0926-5805 1692 1.820 2.038 0.181 160 4.9 8.2
Cited Journal    Citing Journal     Source Data   Journal Self Cites
Journal Information 
Full Journal Title:AUTOMATION IN CONSTRUCTION 
Eigenfactor® Metrics
Eigenfactor® Score
0.00389
Article Influence®
Score
0.450
ISO Abbrev. Title:Autom. Constr.
JCR Abbrev. Title:AUTOMAT CONSTR
ISSN:0926-5805
Issues/Year:8  
Language:ENGLISH
Journal Country/Territory:NETHERLANDS
Publisher:ELSEVIER SCIENCE BV
Publisher Address:PO BOX 211, 1000 AE AMSTERDAM,
NETHERLANDS
Subject Categories:CONSTRUCTION & BUILDING TECHNOLOGY  
  
ENGINEERING, CIVIL   
 
Journal Rank in Categories:
Journal Impact Factor 
Cites in 2012 to items published in:2011 =141  Number of items published in:2011 =116 
 2010 =254   2010 =101 
 Sum: 395   Sum: 217 
Calculation:Cites to recent items 395 =1.820 
 Number of recent items 217   
5-Year Journal Impact Factor 
Cites in {2012} to items published in:2011 =141  Number of items published in:2011 =116 
 2010 =254   2010 =101 
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 2009 =235   2009 =97 
 2008 =203   2008 =93 
 2007 =174   2007 =87 
 Sum: 1007   Sum: 494 
Calculation:Cites to recent items 1007 =2.038 
 Number of recent items 494   
Journal Self Cites 
The tables show the contribution of the journal's self cites to its impact factor. This information is also
represented in the cited journal graph.
Total Cites 1692
Cites to Years Used in
Impact Factor Calculation
395
Impact Factor 1.820
 
Self Cites 508 (30% of 1692)
Self Cites to Years Used 
in Impact Factor Calculation
139 (35% of 395)
Impact Factor without Self Cites 1.180
Journal Immediacy Index
Cites in 2012 to items published in 2012=29 
Number of items published in 2012 =160 
Calculation: Cites to current items 29 =0.181 
 Number of current items 160   
Journal Cited Half-Life
The cited half-life for the journal is the median age of its items cited in the current JCR year. Half of the
citations to the journal are to items published within the cited half-life.
Cited Half-Life: 4.9 years
Breakdown of the citations to the journal by the cumulative percent of 2012 cites to items published in
the following years:
Cited Year 2012 2011 2010 2009 2008 2007 2006 2005 2004 2003 2002-all
# Cites from 2012  29  141  254  235  203  174  163  80  94  62  257
Cumulative %  1.71  10.05  25.06  38.95  50.95  61.23  70.86  75.59  81.15  84.81  100
Cited Half-Life Calculations:
The cited half-life calculation finds the number of publication years from the current JCR year that account
for 50% of citations received by the journal. Read help for more information on the calculation.
Cited Journal Graph
Click here for Cited Journal data table
This graph shows the distribution by cited year of citations to items published in the journal AUTOMAT
CONSTR.
Citations to the journal (per cited year)
- The white/grey division
indicates the cited half-life
(if < 10.0). Half of the
journal's cited items were
published more recently
than the cited half-life.
- The top (gold) portion of
each column indicates
Journal Self Citations:
citations to items in the
journal from items in the
same journal.
- The bottom (blue)
portion of each column
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indicates Non-Self
Citations: citations to the
journal from items in other
journals.
- The two lighter columns
indicate citations used to
calculate the Impact
Factor (always the 2nd
and 3rd columns).
Journal Citing Half-Life
The citing half-life for the journal is the median age of the items the journal cited in the current JCR year.
Half of the citations in the journal are to items published within the citing half-life.
Citing Half-Life: 8.2 years
Breakdown of the citations from the journal by the cumulative percent of 2012 cites to items published
in the following years:
Cited Year 2012 2011 2010 2009 2008 2007 2006 2005 2004 2003 2002-all
# Cites from 2012  19  206  401  480  444  399  394  350  331  275  2225
Cumulative %  0.34  4.07  11.33  20.02  28.06  35.28  42.41  48.75  54.74  59.72  100
Citing Half-Life Calculations:
The citing half-life calculation finds the number of publication years from the current JCR year that account
for 50% of citations in the journal. Read help for more information on the calculation.
Citing Journal Graph
Click here for Citing Journal data table
This graph shows the distribution by cited year of citations from current-year items in the journal
AUTOMAT CONSTR.
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indicates the citing half-
life (if < 10.0). Half of the
citations from the
journal's current items are
to items published more
recently than the citing
half-life.
- The top (gold) portion of
each column indicates
Journal Self-Citations:
citations from items in the
journal to items in the
same journal.
- The bottom (blue)
portion of each column
indicates Non-Self
Citations: citations from
the journal to items in
other journals.
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Number of references (B) 5092 432 5524 0.00 
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Resumen 
 
Este proyecto de investigación propone una novedosa alternativa para la inspección integral de 
estructuras históricas consistente en la explotación conjunta de la información termográfica y 
geométrica contenida en las imágenes, de modo que se permita la cuantificación de la 
inspección termográfica a través de la medida de áreas y distancias. Esta solución hace posible, 
por ejemplo, la medida del calor perdido en una zona a través de un fallo en el aislamiento, o la 
longitud de una grieta en la estructura que pasa desapercibida en una inspección visual.  
La incorporación de información geométrica en la inspección termográfica puede llevarse a 
cabo mediante técnicas geomáticas, bien sea la aplicación de técnicas fotogramétricas a las 
propias imágenes termográficas, bien a través de su combinación con información adquirida con 
un láser escáner. El uso de técnicas geomáticas para la documentación de estructuras históricas 
se justifica por la capacidad de las mismas de representar la realidad construida con precisión y 
detalle; mientras que la validez de la termografía infrarroja para la inspección de la condición 
real de las estructuras ha sido ampliamente evaluada en base a su capacidad de detectar fallos 
térmicos como infiltraciones de aire, puentes térmicos o zonas con humedades, así como 
defectos asociados a la estructura tales como grietas, burbujas de aire y delaminaciones. 
En esta tesis se desarrollan y analizan varias metodologías para la inspección integral de 
estructuras históricas, enfocadas en edificios, usando una combinación de técnicas geomáticas y 
termográficas. Los resultados de las metodologías propuestas validan el empleo de las técnicas 
geomáticas como herramientas precisas y exactas para la inspección geométrica de estructuras 
construidas, así como el uso de termografía infrarroja para el análisis de su condición: tres 
soluciones para la generación de modelos termográficos 3D y sus ortotermografías asociadas, o 
la generación de imágenes rectificadas a partir de imágenes termográficas directamente 
mediante la aplicación de los principios de la fotogrametría terrestre; una metodología para la 
fusión de información termográfica con información geométrica procedente de una nube de 
puntos adquirida con un láser escáner, cuya automatización también se muestra en esta tesis. 
Además, una metodología para permitir la explotación de la información geométrica disponible 
en las imágenes termográficas se presenta a través del diseño y manufactura de un campo de 
calibración geométrica específico para este fin. 
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        INTRODUCCIÓN 
 
 
 
El trabajo desarrollado en esta tesis doctoral es la continuación de la investigación comenzada 
en el proyecto Fin de Carrera de Ingeniería de Minas, de nombre “Levantamiento geomático-
termográfico de fachadas en arquitectura moderna: adquisición y registro de termogramas y 
nubes de puntos láser 3D”, donde se establecen los primeros pasos de la termografía 3D. Éste 
fue seguido del trabajo Fin de Máster “Calibración métrica de cámaras termográficas y 
aplicación a eficiencia energética en edificios”, que constituyó el comienzo de la presente 
investigación pre-doctoral, y además recibió el Premio de la Diputación de Pontevedra para 
Nuevos Investigadores en Nuevas Tecnologías (BOP 17 de abril de 2012). 
Para empezar la justificación de la elección de este proyecto de investigación, debemos resaltar 
que el patrimonio histórico es fuente de estructuras de gran valor, que muestran la evolución de 
las sociedades y son prueba de su historia. Un ejemplo de la importancia de las estructuras 
históricas se encuentra en las infraestructuras: puentes y carreteras, cuya construcción permitió 
los desplazamientos, favoreciendo el progreso cultural y económico. Otro ejemplo son los 
edificios históricos, que aportan un toque de distinción a su entorno, siendo elementos 
esenciales tanto en entornos urbano como rurales, además de atracciones turísticas clave en 
muchas de ellas. 
Toda intervención en estructuras históricas debe estar precedida de exhaustivas 
documentaciones y análisis, que permitan su evaluación y diagnóstico. Por ello, es esencial 
disponer de la información más completa posible que permita una gestión eficiente de la 
estructura y que contribuya a la toma de decisión sobre intervenciones a ejercer en el edificio 
cara su conservación, la optimización de su vida útil y la mejora de su eficiencia energética. 
Debe recurrirse por tanto a las técnicas más avanzadas de inspección y análisis, maximizando en 
lo posible los resultados obtenidos mediante la combinación de diferentes tecnologías. 
La termografía infrarroja es la técnica de medición de la radiación infrarroja emitida por los 
cuerpos en función de su temperatura. Puede aplicarse a numerosos campos, desde medicina 
(Grubisic, 2011) hasta control de procesos industriales (Meola, 2011), y su aplicación para la 
inspección de edificios construidos radica principalmente en la gran variedad de defectos que 
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puede detectar: desde puentes térmicos y pérdidas de calor hasta grietas en la estructura, 
pasando por zonas con humedad e infiltraciones de aire (Balaras, 2002; Grinzato, 2011; 
Dufour, 2009). Sin embargo, en la actualidad, estos estudios de detección de patologías térmicas 
y/o estructurales son cualitativos, basados en la inspección visual de las imágenes termográficas 
adquiridas, de modo que la única cuantificación posible se encuentra en los cálculos de 
transferencia de calor (Grinzato, 1998). En este punto radica el interés del novedoso estudio 
presentado en esta tesis: la explotación conjunta de  la información termográfica y geométrica 
contenida en las imágenes termográficas para la cuantificación de la inspección termográfica 
mediante la medida del área afectada por cada patología, el cálculo del calor perdido a través de 
una pared determinada, o incluso la longitud de una grieta en la estructura. Esta explotación 
conjunta da lugar a productos combinados (modelos termográficos 3D y ortotermogramas), bien 
mediante el uso de la información geométrica contenida en las termografías con novedosos 
algoritmos de procesado de imagen, bien mediante la integración de la información 
termográfica con la información geométrica procedente de sensores geomáticos, como un láser 
escáner 3D.  
El uso de técnicas geomáticas para la documentación de estructuras históricas está justificado 
por su capacidad para representar la realidad construida con precisión y detalle (Ergun, 2010). 
Existe la posibilidad de escoger entre distintas opciones para la adquisición de datos en corto 
alcance, clasificados en base al equipamiento usado: por un lado, las técnicas fotogramétricas 
pueden aplicarse a la explotación de la geometría a partir de información adquirida únicamente 
con una cámara, que simplemente debe cubrir el requisito de estar calibrada (Luhmann, 2005); 
por otro lado, las técnicas de escaneado láser evolucionaron en los últimos años hacia 
metodologías de trabajo más eficientes, con equipos más ligeros y rápidos, y etapas de 
adquisición y procesado de datos más precisas (Armesto, 2010). 
El principal objetivo de este trabajo de investigación es la evaluación de la viabilidad y 
eficiencia de la explotación conjunta de técnicas de termografía infrarroja con técnicas 
geomáticas, fundamentalmente fotogrametría y escaneado láser, ambos de corto alcance, para la 
gestión integral de estructuras existentes, centrada principalmente en edificios. 
Los objetivos específicos de esta tesis se detallan a continuación: 
- Mostrar la viabilidad de las técnicas termográficas y geomáticas para la adquisición de 
la información necesaria para la inspección y evaluación integral de las estructuras 
existentes. 
- Calibrar los equipos en campos de calibración diseñados en el laboratorio para la 
determinación de los parámetros de orientación interna de los sensores, así como la 
evaluación de los diferentes factores que deben tenerse en cuenta en la medición. 
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- Desarrollar aplicaciones informáticas para la fusión de la información termográfica con 
información geométrica de cara a la generación de modelos digitales tridimensionales 
con textura termográfica y ortotermografías, productos ambos en los que se puede 
realizar la localización de los defectos térmicos y la medida de dimensiones de interés. 
- Desarrollar una metodología para la inspección y documentación de estructuras 
históricas con técnicas no-destructivas termográficas y geomáticas mediante la 
generación de un protocolo de adquisición de datos y de procesado que permita la 
caracterización completa de las estructuras existentes. 
- Integrar los resultados en Modelos de Información del Edificio (en sus siglas en inglés, 
BIM) y en Sistemas Integrales de Gestión en los que se pueda realizar el análisis de la 
realidad constructiva de las estructuras y que soporten el asesoramiento de la toma de 
decisiones sobre rehabilitaciones energéticas. 
 
Esta tesis se presenta como un compendio de artículos de investigación publicados en revistas 
especializadas internacionales. Contiene siete artículos: seis de ellos han sido publicados en 
revistas científicas internacionales indexadas en el Journal Citation Reports (JCR), mientras que 
el séptimo fue presentado en una conferencia internacional de renombre en el campo de la 
teledetección y el modelado cuyo contenido se publica en una revista indexada en Ulrich’s 
Periodicals. Todas las publicaciones incluidas han sido sometidas a un proceso de revisión 
anónima por pares antes de su aceptación en la revista correspondiente. 
Siguiendo la normativa interna de la Universidad de Vigo para las tesis presentadas como  
compendio de artículos de investigación, a continuación se incluye una introducción de cada 
artículo, en la que se relacionan entre sí y se defiende su presencia en la tesis. 
 
Sección 0. Calibración geométrica de cámaras termográficas 
CAPÍTULO 1. Campo de alto rendimiento para la calibración geométrica de cámaras 
termográficas 
Conocer los parámetros de orientación interna de una cámara es fundamental para maximizar el 
uso de la información extraída de las imágenes mediante el aprovechamiento de la información 
geométrica contenida en las mismas. Por tanto, la calibración geométrica de las cámaras 
termográficas es necesaria tanto para el uso de la información radiométrica de las imágenes 
como textura de la nube de puntos, como para la generación de nubes de puntos directamente a 
partir de estas imágenes mediante su procesado con técnicas fotogramétricas. 
En el caso de cámaras fotográficas, existen en el mercado diferentes campos de calibración 
(Remondino, 2006),  y en el ámbito científico coexisten diferentes teorías sobre la configuración 
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óptima de los campos de calibración (Zhang, 2000; Triggs, 1997). Tanto en dos como en tres 
dimensiones, los campos de calibración de las cámaras fotográficas normalmente están 
formados por un fondo con dianas, que son detectadas con precisión por el sensor de modo que 
aparecen en la imagen con gran exactitud. Como este tipo de cámaras detecta cambios de 
iluminancia y cromaticidad, las dianas son tanto círculos como cuadros con diferentes colores 
con el objetivo de que el centro pueda ser marcado con precisión; los colores más usados son la 
combinación de blanco y negro. 
Las cámaras termográficas están formadas por sensores que detectan la radiación infrarroja 
emitida por los cuerpos en la banda del infrarrojo lejano, de longitud de onda entre 7 y 15 µm. 
Es por ello que los campos de calibración convencionales no son útiles para estas cámaras, pues 
no son capaces de detectar diferencias de color. Este hecho ha llevado al diseño de un campo 
para la calibración geométrica de cámaras termográficas, específico para el funcionamiento y 
los fenómenos medidos por estas cámaras. 
Una alternativa fue el diseño y fabricación de un campo de calibración basado en diferencias de 
temperatura, consistente en un soporte de madera con bombillas como dianas. Las dianas así 
configuradas son detectadas por las cámaras termográficas cuando están encendidas, de modo 
que el campo de calibración requiere suministro eléctrico para su correcta utilización. Además 
del circuito eléctrico, los materiales escogidos aportan peso al campo de calibración, que es 
difícil de portar; por otro lado, el colocamiento de las bombillas en el soporte de madera 
provoca la aparición de fenómenos de difracción que empeoran los resultados. 
A modo de alternativa se propone el uso de la emisividad para el diseño de un nuevo campo de 
calibración: este está formado por un fondo de cartulina negra, con alta emisividad, con dianas 
de papel muy reflectivo. De este modo se prescinde del aporte energético, pues la radiación 
procedente del fondo y las dianas es diferente estando a la misma temperatura, debido a sus 
diferentes emisividades. 
Los dos campos de calibración anteriores se presentan y analizan en el artículo incluido en el 
Capítulo 1, llamado “Campo de alto rendimiento para la calibración geométrica de cámaras 
termográficas”, publicado en la revista científica “Measurement Science and Technology” de la 
editorial IOP Publishing. 
En este artículo, se adquieren termografías de ambos campos de calibración del mismo modo 
que se hace en fotogrametría para la calibración de cámaras fotográficas. A continuación, ambos 
conjuntos de parámetros de calibración se usan para el modelado tridimensional de un elemento 
estandarizado a partir de la explotación de la información geométrica contenida en las 
termografías; la exactitud y precisión de cada modelo se establece mediante la comparación de 
diferentes medidas geométricas realizadas en los modelos con la realidad. 
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Sección 1. Termografía 3D  
La termografía infrarroja ha sido probada como una técnica óptima para la inspección de 
edificios dada su capacidad para tanto para determinar la eficiencia energética del mismo como 
para detector defectos en la construcción. La geometría y las relaciones espaciales son también 
factores esenciales en la inspección de edificios porque posibilitan la localización de defectos 
así como la medida de superficies afectadas por patologías. 
Los estudios termográficos comunes son cualitativos, basados en la detección de diferencias de 
temperatura entre puntos; y sólo incluyen medidas térmicas en algunos puntos y áreas 
determinados, asociados a otros factores como las propiedades térmicas de los materiales y la 
temperatura y humedad ambientales. Este modo de trabajo presenta muchas limitaciones, pues 
no permite la realización de medidas cuantitativas precisas ya que la geometría disponible son 
modelos simples y poco precisos obtenidos mayoritariamente a partir de los planos del diseño 
del edificio. 
La realización de auditorías energéticas precisas y fiables para la obtención de la certificación 
energética de un edificio es una tarea de complejidad proporcional a lo elaborada que sea la 
geometría del edificio. Por este motivo, la disponibilidad de mapas tridimensionales de 
precisión de los edificios puede suponer una gran diferencia en los resultados obtenidos en 
análisis de eficiencia energética de  los mismos (Wang, 2011). 
 
Sección 1.1. Termografía 3D mediante técnicas fotogramétricas 
La fotogrametría es aceptada como una técnica geomática muy válida para la obtención de 
información geométrica (Luhmann, 2006) gracias a la simplicidad del equipamiento necesario 
(solamente una cámara), y la gran variedad de alternativas de procesado entre las que se puede 
escoger: trabajo con una sola imagen, adquisición de imágenes desde diferentes ángulos, trabajo 
con pares estereoscópicos, etc. (Ordóñez, 2010; Riveiro, 2011; Klaus, 2006). 
En el caso de las imágenes termográficas, su información geométrica puede ser extraída 
teniendo en cuenta los principios fotogramétricos, con la ventaja de que sólo se requiere un 
sensor para la adquisición de toda la información necesaria: la cámara termográfica. Así, con 
ella se obtiene toda la información requerida en una auditoría energética: la radiometría da 
información del estado del edificio, mientras que la posición de los defectos en la imagen, junto 
con los datos de calibración geométrica de la misma, aporta información sobre la geometría. 
Desde un punto de vista más práctico, reducir el equipamiento necesario a sólo una cámara 
termográfica aligera la inspección, y minimiza la molestia ocasionada a los usuarios del edificio. 
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CAPÍTULO 2. Método de rectificación de imágenes para imágenes termográficas aplicada 
a estudios geométricos en inspecciones de fachadas 
Una alternativa para la maximización del aprovechamiento de la información contendida en las 
termografías a partir de la obtención de su información geométrica es la aplicación de la teoría 
fotogramétrica de rectificación de imagen. Para ello, se requieren barras de escala calibradas 
adecuadas para el sensor de adquisición, una cámara termográfica. Por ello, se procedió al 
diseño y fabricación de barras de escala termográficas, con estructura de aluminio y cuatro 
dianas térmicas en los extremos. Las dianas están formadas por una resistencia eléctrica cubierta 
con material reflectante, de modo que, una vez encendida, la resistencia eléctrica calienta el 
material reflectante, que homogeniza la temperatura en toda su superficie de modo que su 
posición pueda ser detectada con precisión con una cámara termográfica. Como son barras 
calibradas, las coordenadas relativas de las dianas son conocidas con precisión, y este 
conocimiento el que posibilita la rectificación de la imagen termográfica adquirida siempre y 
cuando las barras de escala estén presentes. 
El capítulo 2 incluye el artículo “Método de rectificación de imágenes para imágenes 
termográficas aplicada a estudios geométricos en inspecciones de fachadas” publicado en la 
revista internacional “Infrared Physics and Technology” de la editorial Elsevier, que publica los 
últimos avances en el campo de la termografía. 
Este artículo incluye la explicación de la metodología seguida para la rectificación de imágenes 
termográficas usando las barras de escala anteriores, y la evaluación de la metodología 
propuesta a partir de la comparación de los resultados geométricos obtenidos con los resultantes 
del registro de las imágenes termográficas en una nube de puntos adquirida con un láser escáner. 
A pesar de la mayor precisión aportada por el láser escáner, los resultados de la metodología de 
rectificación de imagen termográfica son aceptables, especialmente si se tiene en cuenta la 
simplicidad de la misma. 
 
CAPÍTULO 3. Automatizado del modelado termográfico 3D a través de técnicas de fusión 
de imagen y de reconocimiento de puntos homólogos 
Este capítulo presenta otra alternativa para la generación de modelos termográficos 3D usando 
las termografías como únicas fuentes de información. De nuevo, la geometría de las imágenes se 
extrae mediante la aplicación de principios fotogramétricos. La metodología propuesta consiste 
en el registro automático de las termografías con imágenes fotográficas de referencia, de cara a 
combinar todas las imágenes termográficas en un mosaico termográfico de modo que el campo 
de visión sea mayor. Este registro se realiza para dos mosaicos con un área de solape grande 
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(90-95%), y ambos se fusionan con la correspondiente fotografía de referencia. Se recurre a la 
fusión de imagen para conseguir mejorar la resolución espacial: la imagen fotográfica 
proporciona más resolución espacial que el mosaico termográfico, mientras que este aporta 
información radiométrica sobre el estado de la fachada. En caso de prescindir del paso de fusión 
de imagen, la posterior aplicación de algoritmos de “búsqueda de puntos homólogos” no 
proporcionaría resultados de calidad debido a la baja resolución espacial de las cámaras 
termográficas disponibles en la actualidad en el mercado. Una vez fusionadas, cada par de 
imágenes ampliamente solapadas se somete al mencionando algoritmo de “búsqueda de puntos 
homólogos”, que busca regiones de la imagen idénticas en ambas imágenes en base a sus 
valores de correlación. 
Una nube de puntos con textura termográfica es el resultado de la metodología propuesta, que 
puede ser sometida a más operaciones (filtrado, triangulación, proyección en un plano paralelo) 
para la obtención de los ortotermogramas correspondientes. Ambos productos pueden ser 
usados para la realización tanto de medidas de temperatura como de geometría. 
La metodología presentada se explica en profundidad en el artículo incluido en este capítulo, 
publicado en la revista “Automation in Construction”, muy apreciada en los sectores de 
edificación y construcción. El título del artículo es “Automatizado del modelado termográfico 
3D a través de técnicas de fusión de imagen y de reconocimiento de puntos homólogos”. 
 
CAPÍTULO 4. Modelado termográfico basado en imágenes para la evaluación de la 
eficiencia energética de fachadas de edificios 
La tercera alternativa al modelado termográfico 3D mediante la aplicación de técnicas 
fotogramétricas se basa en la combinación de algoritmos de reconocimiento de puntos 
homólogos (propiamente fotogrametría) con algoritmos de visión por computador, de modo que 
la automatización y la flexibilidad del proceso se ven ampliamente mejorados, y los resultados 
presentan mayor calidad. 
Tras la extracción de puntos característicos de cada termografía mediante el operador ASIFT 
(Morel, 2009), se aplican algoritmos de visión por computador para la orientación aproximada 
de cada imagen termográfica en un sistema de coordenadas arbitrario. A continuación, los 
principios fotogramétricos de ajuste de haces, las condiciones de colinearidad y coplanaridad, y 
los parámetros de calibración de la cámara termográfica se aplican para ajustar la orientación y 
trasladar cada imagen al sistema de coordenadas global. Este último paso es posible gracias a la 
disponibilidad de las coordenadas en el sistema de coordenadas global de algunas dianas 
previamente colocadas en la fachada estudiada. 
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Una vez que todas las termografías adquiridas de la misma estructura están orientadas, se 
aplican algoritmos de “reconocimiento de puntos homólogos” a cada par de imágenes con gran 
solape. En este caso, el algoritmo escogido es “Semi-Global Matching” (Hirschmüller, 2005), 
que consigue mejores resultados en imágenes de baja resolución, como termografías, gracias a 
que analiza la imagen pixel a pixel, en lugar de limitar su estudio a regiones pequeñas, como 
hacen los algoritmos de correlación. 
Esta metodología se explica con detalle en el capítulo 4, en el artículo “Modelado termográfico 
basado en imágenes para la evaluación de la eficiencia energética de fachadas de edificios”, 
publicado en la revista internacional “Energy and Buildings”, publicada por la editorial Elsevier 
y altamente reconocida entre los científicos en el ámbito de la energía, como muestra su 6º 
posición en el ranking de un total de 56 revistas del mismo ámbito científico. 
En este artículo la metodología propuesta se presenta mediante su aplicación a un caso de 
estudio: una serie de edificios universitarios en Ávila (España). Además de la metodología de 
modelado, este artículo incluye la realización de cálculos energéticos a partir de los modelos 
termográficos 3D y de sus correspondientes ortotermogramas, de modo que se prueba la gran 
utilidad de los mismos. Dado que los ortotermogramas contienen toda la información 
geométrica y térmica de la estructura modelada, hacen posible la realización de estudios 
energéticos tales como cálculos de pérdidas de calor por conducción a través de las fachadas. En 
el caso de estudio presentado en este artículo, se cuantificó la energía perdida a través de las 
paredes usando la ecuación de flujo de calor con el valor del coeficiente de conductividad, 
gracias al conocimiento aportado por los ortotermogramas de la temperatura y el área 
correspondiente a cada material. 
 
Sección 1.2. Termografía 3D a partir de técnicas termográficas y laser escáner 
A pesar de su eficiencia y exactitude, la aplicación de técnicas fotogramétricas para la obtención 
de información geométrica directamente a partir de las termografías presenta numerosas 
limitaciones, debido sobre todo a la simplicidad geométrica de los modelos generados, los 
cuales son principalmente de fachadas de edificios, o se aplican a la generación de 
ortotermogramas o termografías rectificadas, por lo que se limitan a resultados en dos 
dimensiones. 
De cara a la generación de modelos tridimensionales de estructuras, las técnicas de escaneado 
láser son consideradas como el complemento óptimo de los estudios termográficos, gracias a su 
capacidad para proporcionar la información métrica que permite la cuantificación de los 
estudios térmicos tras la aplicación de las termografías como textura en el modelo geométrico. 
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La metodología de trabajo para este caso consiste en dos procesos independientes, para las 
termografías y para la nube de puntos: el primero consiste en la restitución de la información 
termográfica en imágenes que recogen el estado de la estructura; el segundo implica la 
conversión de la nube de puntos en un modelo de superficies (triángulos) sobre los que se 
pueden aplicar texturas (Lubowiecka, 2009). Cuando ambos elementos, termografías y nubes de 
puntos, han sido preprocesados, el registro de las termografías se realiza mediante la 
identificación de puntos comunes entre la nube de puntos y cada imagen termográfica, 
obteniendo así la matriz de orientación y posición de cada termografía. Esta matriz incluye la 
información necesaria para el posicionamiento de la imagen en su lugar correspondiente de la 
nube de puntos, o, en otras palabras, para la traslación de cada imagen termográfica desde su 
posición en el interior de la cámara hasta su posición en el sistema de coordenadas de la nube de 
puntos (Riveiro, 2011). 
El producto resultante, el modelo termográfico tridimensional, incluye información térmica 
detallada proporcionada por las termografías, e información geométrica detallada adquirida con 
el láser escáner, sin importar cuán compleja sea la geometría del edificio. 
 
CAPÍTULO 5. Estudios de eficiencia energética mediante técnicas de láser escáner 3D y 
termográficas 
Este capítulo trata sobre la primera solución presentada para la generación del modelo 
termográfico tridimensional de un edificio mediante la combinación de una nube de puntos 
procedente de escaneado láser con imágenes termográficas. En este caso, el registro de 
termografías en la nube de puntos se realiza mediante el marcado manual de puntos comunes en 
cada termografía y la nube de puntos, y el uso de software comercial de la compañía del láser 
escáner para el procesado y texturizado del modelo. Una media de 8 puntos comunes se 
marcaron en cada termografía, y el error de registro resultó inferior a 3 píxeles, aceptable dada 
la baja resolución espacial de las cámaras termográficas y la consecuente limitación en el 
marcado de puntos. 
Una explicación más profunda sobre el procedimiento llevado a cabo se puede encontrar en este 
capítulo, formado por el artículo “Estudios de eficiencia energética mediante técnicas de láser 
escáner 3D y termográficas”, publicado en la revista internacional “Energy and Buildings” de la 
editorial Elsevier 
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CAPÍTULO 6. Procedimiento automático de registro de imágenes termográficas con 
nubes de puntos 
Este capítulo incluye el artículo titulado “Procedimiento automático de registro de imágenes 
termográficas con nubes de puntos”, aceptado para publicación y presentación oral en la 
Conferencia Internacional de Fotogrametría, Teledetección y Ciencias de la Información 
Espacial que tuvo lugar en Melbourne (Australia), y cuyas contribuciones se encuentran en el 
índice de calidad Ulrich’s Periodicals. Este artículo recopila el trabajo llevado a cabo durante la 
estancia de investigación de la doctoranda en la Universidad de California Berkeley, consistente 
en el desarrollo de algoritmos y aplicaciones informáticas propias para la automatización del 
proceso de registro de láser escáner con información termográfica. 
La generación de modelos termográficos 3D se realiza a través de la aplicación de diferentes 
algoritmos sobre la nube de puntos y las termografías. La primera se somete a un algoritmo de 
segmentación basado en el estudio de curvaturas, y se extraen las líneas en tres dimensiones que 
se corresponden con intersecciones entre paredes o a la presencia de distintos tipos de 
mobiliario. En el caso de las termografías, éstas son sometidas al algoritmo LSD (Line Segment 
Detector o detector de segmentos lineales), (Grompone, 2010), con el que se detectan líneas en 
las imágenes termográficas. A continuación, el problema 2D-3D es resuelto mediante la 
proyección de las líneas 3D sobre las imágenes y el cálculo de la matriz de orientación, en un 
proceso iterativo que finaliza cuando el error de registro alcanza el mínimo (Liu, 2005). Como 
resultado de este proceso se obtiene un modelo termográfico 3D al igual que en el caso anterior, 
pero sin la interacción continua con el operador humano. 
 
CAPÍTULO 7. Texturizado automático con termografías e imágenes RGB de modelos 
BIM de edificios construidos destinado a rehabilitaciones energéticas 
En el capítulo 7, se extiende la metodología presentada en el capítulo 6 con la conversión del 
modelo 3D en un Modelo de Información del Edificio (BIM), en el que se incluye información 
semántica de los diferentes elementos: por ejemplo, qué superficies se corresponden con 
paredes, cuáles con techos y cuáles con suelos, además de sus relaciones de adyacencia. Por 
tanto, los resultados del algoritmo de segmentación empleado para el registro también se usan 
para el cálculo del vector normal que define cada superficie en el modelo 3D, posibilitando la 
asignación de una etiqueta  (“Pared”, “Techo”) a cada una de ellas mediante un proceso de 
identificación llevado a cabo por un operador. Simultáneamente, las termografías son sometidas 
al algoritmo LSD de detección de líneas, y registradas con la nube de puntos de modo que 
puedan aplicarse directamente a la nube de puntos como textura; además, las ortotermografías 
resultantes de la proyección de cada pared texturizada sobre un plano ortogonal son usadas 
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como textura para el BIM. Debe resaltarse que la metodología de registro puede aplicarse a 
imágenes RGB, de modo que el modelo BIM presente textura fotorrealística que facilite su 
comprensión. 
El formato BIM escogido es gbXML, dado que fue creado con el objetivo de servir de puente 
entre los campos del modelado tridimensional y de la energía. Así, el Modelo de Información 
del Edificio resultante en este formato es compatible con diversos software de simulación  y 
evaluación energética (Dong, 2007). Asimismo, la visualización del estado del edificio a través 
de la textura termográfica del modelo permite la gestión de la rehabilitación energética y de las 
intervenciones de mejora energética directamente a partir del BIM. 
Una explicación más profunda se incluye en el artículo que conforma este capítulo, cuyo título 
es “Texturizado automático con termografías e imágenes RGB de modelos BIM de edificios 
construidos destinado a rehabilitaciones energéticas”, publicado en la revista internacional 
“Automation in Construction” de la editorial Elsevier. 
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   DISCUSIÓN GENERAL DE RESULTADOS 
 
 
 
El objetivo principal de esta tesis es el estudio de la termografía 3D en general, pero 
principalmente aplicada al estudio de estructuras históricas. Se trata de un campo clave estos 
días en todo el mundo, dada la importancia adquirida por el control del consume de energía y las 
emisiones de gases de efecto invernadero por razones ecológicas, sanitarias y sobre todo 
económicas. El hecho de que el parque de edificios existente constituya más del 32% del 
consumo mundial de energía final, y alrededor del 40% de energía primaria (Lombard, 2008), 
hace que estas estructuras aparezcan como el primer objetivo en las acciones de eficiencia 
energética y sostenibilidad (Ramos, 2004). 
El interés del uso de técnicas no-destructivas, como geomática y termografía, radica en la 
importancia del mantenimiento y conservación de estas estructuras como muestras de la historia 
de la sociedad actual (ICOMOS, 2001). Además, la idoneidad de cada una de estas técnicas 
(geomáticas y termografía infrarroja) para la adquisición de cada tipo de información en 
estructuras históricas: geometría y estado físico, ha sido ampliamente tratada en literatura, como 
ejemplos se tienen los trabajos de (Truong-Hong, 2013) y (Ergun, 2010) en modelado 3D de 
estructuras históricas usando diferentes técnicas geomáticas, y los trabajos de (Grinzato, 2002) 
y (Rosina, 2003) sobre termografía infrarroja aplicada a la detección de diferentes defectos en 
edificios históricos. 
Durante el desarrollo de esta investigación se han seguido diferentes líneas de estudio, siempre 
buscando la técnica óptima para la generación de modelos termográficos 3D, tanto en términos 
de tiempo de trabajo (incluyendo tanto adquisición de datos como procesado) y de calidad de 
trabajo. 
A continuación se incluye un repaso de los resultados obtenidos, dividido en los objetivos 
específicos de la tesis: 
- Calibración de cámaras 
Las cámaras termográficas están comúnmente calibradas térmicamente, a través de un proceso 
consistente en el cálculo de la curva que relaciona la temperatura con la radiación recibida por el 
sensor termográfico, de tal modo que se hace posible la medida de temperaturas en las imágenes 
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termográficas (Maldague, 2001). Sin embargo, si lo que se busca es el uso de la información 
geométrica contenida en las imágenes, la calibración geométrica del sensor termográfico es 
imprescindible, del mismo modo que se realiza con las cámaras fotogramétricas (Luhmann, 
2006). 
Con el objetivo de realizar la calibración geométrica de cámaras termográficas se diseñaron y 
fabricaron dos campos de calibración diferentes: el primero, basado en la existencia de una 
diferencia de temperaturas entre el fondo y las dianas; el segundo se basa en la diferencia de 
emisividades entre estos mismos elementos. Ambos campos se presentan en el capítulo 1. 
En el caso del primer campo de calibración, hecho de madera y bombillas haciendo la función 
de dianas, la calibración es posible gracias a la detección precisa de todas las dianas en las 
termografías realizadas del campo de calibración con ellas encendidas. Sin embargo, el circuito 
eléctrico necesario hace que el campo de calibración sea pesado y no fácilmente portable, y el 
calentamiento de las bombillas provoca la aparición de efectos de difracción entre cada 
bombilla y el soporte de madera. Este efecto dificulta la detección de los centros de las dianas 
con precisión. 
Para solventar estos inconvenientes se procedió al diseño y manufactura del segundo campo de 
calibración, basado en la detección de materiales distintos a la misma temperatura como si 
estuvieran a temperaturas diferentes gracias a sus valores diferentes de emisividad. Para cumplir 
este requisito, los materiales escogidos fueron cartulina negra para el fondo y papel de aluminio 
para las dianas. En este caso, la detección de todas las dianas es un poco más complicada, 
especialmente para aquellas situadas en la parte externa del campo, pero la detección precisa de 
sus centros es más fácil gracias a la ausencia de efectos de difracción. Además, los materiales 
empleados y la configuración del campo lo hacen más ligero y fácilmente portable. 
Prestando atención a los parámetros de calibración, todos presentan valores más pequeños de 
desviación estándar cuando se calculan a partir de termografías del campo de calibración por 
emisividades. Este hecho demuestra la mayor estabilidad de este campo comparado con el 
campo de calibración de bombillas, además de la mayor precisión de los resultados obtenidos. 
Por otra parte, si ambos conjuntos de parámetros de calibración se usan para modelar el mismo 
objeto, las mediciones de verificación muestran que la precisión del modelo hecho con el 
conjunto de parámetros obtenido del campo de emisividades es mayor: el máximo error en una 
medida realizada en este modelo es de 6mm en 1m (0.6%), siendo el doble (error de 12mm en 
una medida de 1m) en el modelo generado con el conjunto de parámetros obtenidos del campo 
de temperaturas. 
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- Metodología para la inspección y documentación integral de estructuras históricas 
Durante este period de investigación se desenvolvieron varias metodologías de trabajo en 
función de la alternativa escogida: mientras que la aplicación de principios fotogramétricos 
requiere la adquisición de termografías desde diferentes puntos de vista con respecto de la 
estructura en estudio, la combinación de termografía con nubes de puntos requiere la 
adquisición y procesado de dos conjuntos de datos de distinta naturaleza.  
Como puede verse en los capítulos del 2 al 7, existen unos requisitos comunes en las 
adquisiciones termográficas, referidos sobre todo a la adquisición de valores de temperatura 
válidos. Estos requisitos son los siguientes: no realizar la medición termográfica cuando el sol 
esté radiando directamente sobre el objeto en estudio ni menos de 24 horas después de un 
proceso de lluvia (Rosina, 2003; Martín, 2004). En el primer caso, reflejos no deseados pueden 
aparecer en la imagen; mientras que no cumplir el segundo requisito puede provocar la 
aparición de marcas de humedad temporales si el material no tuvo tiempo de secarse por 
completo. Además, para obtener el valor de temperatura más preciso posible, las imágenes 
termográficas deben adquirirse desde una posición lo más ortogonal posible a la superficie 
termografiada,  excepto en el caso de materiales metálicos. Para ellos, se recomienda la 
adquisición de termografías desde una posición con un pequeño ángulo para evitar la aparición 
en las mismas de reflejos provocados por el propio operador. 
También debe prestarse atención al enfoque de la cámara, ya que debe mantenerse en una 
posición para la cual se conozcan los parámetros de calibración de la misma. 
Si se decide trabajar con principios fotogramétricos, además de las imágenes tomadas desde una 
posición ortogonal, las cuales serán empleadas para la medición válida de temperaturas, debe 
prestarse atención al solape entre imágenes, de modo que se puedan someter a posteriores 
algoritmos de reconocimiento de puntos homólogos (Capítulos 3 y 4). Otra opción es la 
rectificación de la imagen termográfica para que soporte medidas geométricas, como se explica 
en el capítulo 2. En este caso, el único requerimiento de la técnica es que las barras de escala 
termográficas aparezcan en la imagen. 
En el caso de edificios con geometrías más complejas o para la generación de modelos 3D 
completos de la estructura, el escaneado láser es la técnica más recomendada para la adquisición 
de información geométrica. Con ella, la adquisición debe planificarse cuidadosamente para 
minimizar el número de estaciones (y por tanto, tiempo) a la vez que se evita perder 
información debido a las oclusiones. 
Con respecto del procesado termográfico, el primer paso es la corrección de los valores medidos 
mediante la incorporación del valor de emisividad del material en la imagen, de modo que se 
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representen valores de temperatura reales (Fokaides, 2011). El siguiente paso es la elección de 
un intervalo de temperaturas representativo del estado del edificio entero, de modo que cada 
color represente la misma temperatura para todas las paredes en el modelo. Este paso es 
obligatorio en caso de que se necesiten más de una termografía para la representación completa 
del modelo o para la generación de ortotermografías, como sucede en los capítulos del 3 al 7. En 
caso de que sólo se necesite una imagen termográfica, como en el capítulo 2, es evidente que el 
intervalo de temperaturas empleado debe ser representativo de los fenómenos presentes en la 
imagen, pero solo teniendo en cuenta esta termografía. 
Mientras que la rectificación de imagen se presenta como una metodología sólida en el capítulo 
2, las metodologías para la generación de ortotermogramas según principios fotogramétricos, o 
para la generación de modelos termográficos 3D mediante la fusión de termografías con una 
nube de puntos láser escáner han sufrido sendos procesos de mejora durante el desarrollo de esta 
tesis. 
En caso de recurrir a los principios fotogramétricos para la explotación conjunta de la 
información térmica y métrica contenida en las termografías, se optó por la opción de aplicar 
algoritmos de reconocimiento de puntos homólogos. Las mejoras incorporadas en las diferentes 
etapas se muestran a continuación: 
1. Registro de imágenes: la aplicación de un algoritmo de extracción y descripción de 
puntos de interés que sea invariante a variaciones radiométricas y geométricas (capítulo 
4) mejora el número de puntos extraídos, junto con las opciones de éxito de la fase 
siguiente de reconocimiento de puntos homólogos. Esta mejora es especialmente 
relevante en el caso de las variaciones radiométricas que un punto en una imagen puede 
presentar con respecto del mismo punto en otra imagen, simplemente a causa de la 
presencia de reflejos diferentes. Siempre debe tenerse en cuenta que las termografías 
representan radiación y no cromaticidad, por lo que la presencia de variaciones 
radiométricas es mucho mayor que en el caso de las imágenes fotográficas, por ejemplo. 
2. Reconocimiento de puntos homólogos en imágenes: en el capítulo 3 se presenta una 
alternativa para este proceso basada en el estudio del valor de correlación entre pares de 
puntos supervisado por un operador, quien se encarga de la detección de 
emparejamientos incorrectos existentes debido a la baja variabilidad del valor de 
correlación en edificios, donde las estructuras suelen ser repetitivas. En el capítulo 4, 
esta intervención humana ya es eliminada gracias a la aplicación de algoritmos de 
visión por ordenador y restricciones fotogramétricas, que llevan al ajuste del registro de 
imágenes en dos pasos: en la fase de visión por ordenador sólo se calculan las 
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coordenadas relativas de las imágenes; en la fase fotogramétrica, estas posiciones 
relativas se ajustan y se trasladan al sistema de coordenadas global. 
3. Modelado de superficies densas: la principal limitación que presenta este paso es la baja 
resolución espacial de las imágenes termográficas. Para resolverla, se tuvieron en 
cuenta dos posibles soluciones: por un lado, la imagen termográfica se fusionó con una 
imagen fotográfica, que presenta mayor resolución (Haydn, 1982); la imagen fusionada 
resultante presenta la resolución espacial de la imagen fotográfica y la información 
radiométrica de las termografías. De este modo, la aplicación a las imágenes fusionadas 
de algoritmos de modelado de superficies densas basados en la búsqueda de parches 
idénticos tiene como resultado una densidad de puntos de 1 punto por pixel. La segunda 
opción considerada fue la aplicación de un algoritmo de búsqueda pixel-a-pixel en lugar 
de por áreas (Hirschmüller, 2008); los resultados obtenidos presentan mayor 
dependencia del tipo de material presente en la imagen termográfica, aunque los 
resultados experimentales mostraron una variación de entre 2 y 5 puntos por píxel 
En el caso de las metodologías de fusión de termografías con nubes de puntos de láser escáner, 
los capítulos del 5 al 7 muestran una clara evolución en la generación de modelos 3D completos 
de edificios con textura termográfica: 
i. Registro de imágenes: mientras que en el capítulo 5 este paso se lleva a cabo mediante 
el marcado manual de puntos correspondientes en las imágenes y la nube de puntos, y el 
cálculo de los parámetros de registro se realiza usando software comercial; el capítulo 6 
presenta una metodología para la automatización de este proceso mediante la extracción 
de puntos tanto en las termografías como en la nube de puntos, y la resolución del 
problema de registro 2D-3D siguiendo un proceso similar al presentado en (Stamos, 
2001). 
ii. Modelado 3D: de manera análoga al paso anterior, el procesado de la nube de puntos 
para la generación del modelo 3D se realiza en software comercial en el capítulo 5. El 
desarrollo de software propio permitió la realización automática de esta fase gracias al 
aprovechamiento de los resultados del proceso de segmentación presentado en el 
capítulo 6. 
iii. Uso del modelo: en los capítulos 5 y 6 el producto final de la metodología es un modelo 
termográfico 3D en el que se pueden realizar medidas geométricas (distancias, áreas, 
volúmenes), además de la detección de defectos térmicos y su localización exacta en el 
edificio. La conversión del modelo 3D en un Modelo de Información del Edificio, BIM 
de sus siglas en inglés, según el estándar gbXML se explica en el capítulo 7, de modo 
que cada entidad constructiva tiene una etiqueta que le aporta semántica: en lugar de 
superficies, el modelo BIM está formado por “paredes”, “techos”, “suelos”; y en lugar 
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de agujeros, hay “ventanas” y “puertas”. Asimismo, el modelo BIM incluye 
información general complementaria (Eastman, 2008), como posición y orientación, 
año de construcción y reformas, patrón de uso y su naturaleza; además de información 
de cada elemento, tal como materiales y sus propiedades térmicas (conductividad y 
resistividad térmicas, densidad), año de instalación en el edificio, renovaciones, etc. 
Estos hechos permiten la gestión del uso del edificio, el análisis de su consumo 
energético o sus necesidades de iluminación, e incluso la planificación de futuras 
intervenciones. Además, a estos modelos puede aplicarse textura termográfica, de modo 
que se pueda realizar el análisis de defectos térmicos del mismo modo que se realiza en 
el producto anterior: detección, localización, medida de área afectada, etc. 
 
- Desarrollo de aplicaciones informáticas para la fusión de datos termográficos y 
geométricos 
La termografía infrarroja desde el suelo (plataforma terrestre) se aplica comúnmente a estudios 
energéticos y térmicos, de modo que el software comercial disponible se centra principalmente 
en el procesado y análisis de imágenes con dicho fin (Brock, 2012). Por otra parte, el software 
existente dedicado al procesado de imágenes con propósitos geométricos en imágenes 
multiespectrales trabaja con imágenes adquiridas desde satélite o desde plataformas aéreas, las 
cuales presentan mayor resolución espacial que las imágenes termográficas adquiridas con una 
cámara termográfica de mano (Sun, 2011). Estos hechos conducen a la detección de la 
necesidad de generar aplicaciones informáticas de cara a la explotación de la información 
geométrica de las termografías: 
- Mejora de la imagen termográfica: como se recoge en la metodología, el primer paso 
para el procesado de información termográfica es la elección de un intervalo de 
temperaturas adecuado para la representación de todos los fenómenos que tienen lugar 
en la totalidad de la pared o edificio. Este paso se explica en detalle en el Capítulo 5. 
- Registro termográfico: la extracción de puntos de interés y reconocimiento de puntos 
homólogos fueron desarrollados para la generación de mosaicos termográficos de cada 
pared completa (en el caso de que la estructura analizada sea un edificio) para aquellos 
casos en los que el espacio disponible no permite la adquisición de la superficie 
completa en una sola imagen dado el campo de visión de la cámara termográfica 
empleada. Existe la posibilidad de realizar el registro de termografías entre ellas, o de 
registrar cada termografía con una imagen fotográfica que represente la pared completa, 
tal y como se hace en el Capítulo 3. 
- Generación de mosaico termográfico: la generación de un mosaico termográfico a partir 
de las termografías registradas requiere el cálculo de los valores radiométricos de los 
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píxeles del área de solape, con el fin de minimizar efectos de borde. Estos algoritmos se 
emplean en los Capítulos 3 y 4. 
- Registro 2D-3D: la extracción de elementos de interés lineales de las imágenes 
termográficas y de la nube de puntos, el reconocimiento de elementos homólogos y el 
cálculo de los parámetros de orientación requiere la detección de líneas en las 
termografías como zonas en las que la probabilidad de cambio de la orientación del 
píxel es mayor, así como la segmentación de la nube de puntos en planos y sus 
correspondientes líneas de intersección, junto con el cálculo de los parámetros de 
orientación y su error asociado mediante un proceso iterativo. Estos pasos se explican 
en los Capítulos 6 y 7. 
- Modelado 3D: la segmentación de la nube de puntos llevada a cabo en la fase anterior 
permite conocer los componentes característicos de la estructura analizada, como el 
vector normal de cada superficie, de manera que hace posible la generación de modelos 
sólidos  para su posterior texturizado, como se propone en el Capítulo 7. 
 
- Análisis de la viabilidad de la combinación de técnicas termográficas y geomáticas 
para la inspección y evaluación integral de estructuras históricas 
El presente trabajo de tesis presenta diferentes alternativas para la generación de modelos 
termográficos tridimensionales, en los cuales se aúna información geométrica y termográfica. 
Las diferentes metodologías presentan resultados de alta calidad en términos de producto 
generado y tiempo de trabajo, siendo alternativas eficientes para la generación de un producto 
sobre el que se puedan realizar auditorías energéticas completas de la estructura en estudio. 
Algunos ejemplos de las capacidades de la combinación de técnicas se mencionan en el 
Capítulo 3 (descarte de zonas con humedades; detección de fallos en el aislamiento en la zona 
de la pared coincidente con los radiadores, de modo que permite el paso de calor a través de la 
pared), Capítulo 6 (localización de falta de aislamiento en las juntas de los paneles que 
conforman la pared), Capítulo 7 (detección de un puente térmico en la junta entre paredes y 
techo), y especialmente en el Capítulo 4, en el que se presenta una metodología de 
cuantificación del estudio termográfico basada en el cálculo de la cantidad de energía perdida a 
través de cada pared por conducción gracias al conocimiento del área correspondiente a cada 
tipo de material y su estado. 
 
- Integración de resultados en Sistemas Integrales de Gestión 
La disponibilidad de un Sistema que permita el análisis conjunto de los defectos térmicos y de 
su geometría es de vital importancia para la cuantificación de la severidad del defecto (Previtali, 
2012). Además, la visualización completa del elemento en estudio permite la detección de 
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defectos que podrían pasar inadvertidos en un estudio individual de termografías. El estudio en 
tres dimensiones de la estatura también presenta más ventajas, sobre todo debido al mayor 
entendimiento de los fenómenos que tienen lugar (Solla, 2013). 
Dado que la información tridimensional de la estructura en estudio se procesa para la generación 
del modelo termográfico 3D, el sistema escogido para el análisis integral de la estructura es el 
Modelo de Información del Edificio, del inglés BIM. Este tipo de modelos fueron concebidos 
como bases de datos de edificios en un dominio tridimensional, en el que no sólo la geometría 
define el edificio, sino que también se incorporan datos descriptivos, tales como materiales e 
instalaciones. Además de toda esta información, también se le puede aportar al modelo textura 
termográfica para su visualización, facilitando la localización de defectos y la medición de la 
longitud o el área afectada. El Capítulo 7 incluye un ejemplo de esto. 
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        CONCLUSIONES 
 
 
 
En esta tesis se desarrollan y evalúan varias metodologías para la inspección integral de 
estructuras históricas, principalmente edificios, mediante el uso combinado de técnicas 
geomáticas y termográficas. Los resultados de las metodologías propuestas validan el empleo de 
técnicas geomáticas al aparecer como técnicas precisas y completas para la inspección 
geométrica de las estructuras existentes, junto con el uso de la termografía infrarroja para el 
análisis de su estado: tres alternativas para la generación de modelos termográficos 
tridimensionales y de sus ortotermogramas asociados, o de imágenes rectificadas, todos ellos 
directamente a partir de imágenes termográficas mediante la aplicación de principios de 
fotogrametría terrestre; una metodología para la fusión de imágenes termográficas con datos de 
geometría procedentes de una nube de puntos adquirida con un láser escáner, cuya evolución 
hacia la automatización también se presenta en esta tesis. Además, se defiende en esta tesis una 
metodología para hacer posible todas las opciones previas de explotación de la información 
geométrica disponible en las imágenes termográficas, consistente en el diseño y fabricación de 
un campo de calibración geométrica específico para cámaras termográficas. Este paso es 
fundamental para la aplicación de todas las metodologías anteriores dado que los parámetros de 
orientación interna de la cámara son el conocimiento básico que hace posible la realización de 
los demás cálculos. 
Las alternativas propuestas para el diseño de un campo de calibración adecuado para la 
calibración geométrica de cámaras termográficas se basan en las diferencias de emisividad entre 
materiales o en las diferencias de temperatura. Los resultados experimentales muestran que los 
campos de calibración basados en emisividades obtienen resultados más precisos con menores 
valores de desviación estándar, y el modelo resultante de las operaciones de orientación de 
imágenes y de restitución de puntos basadas en los principios de la fotogrametría y en los 
parámetros de calibración obtenidos con este campo presenta menores errores geométricos y 
mayor consistencia. Esto puede deberse a la ausencia de efectos de difracción entre las dianas y 
el fondo del campo de calibración, los cuales dificultan la detección precisa de los centros de las 
primeras. 
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Además de la mayor calidad de sus resultados, el campo de calibración basado en emisividades 
presenta una mayor portabilidad gracias a su configuración con materiales ligeros y la no-
necesidad de suministro eléctrico. Este hecho constituye una ventaja primordial en el mundo de 
la termografía real, que presenta gran diversidad, pudiendo realizarse en cualquier escenario, los 
cuales no siempre disponen de suministro de energía: edificios diversos, con condiciones 
diferentes de accesibilidad; variedad de plataformas portantes, etc. Por estas razones, se puede 
concluir que el campo de calibración basado en emisividad es más adecuado para el propósito 
de trabajo deseado. 
La aplicación de principios fotogramétricos a la rectificación de imágenes termográficas permite 
la realización simultánea de medidas geométricas y térmicas sobre la misma imagen. Las 
principales ventajas de esta metodología son su eficiencia para la realización de inspecciones de 
fachada, dado que pueden realizarse con una única imagen con la consecuente disminución de 
tiempo de trabajo tanto en la adquisición como en el procesado; y su aplicabilidad a otras 
estructuras como puentes y túneles, en las que la velocidad en la adquisición es un factor de 
vital importancia. El inconveniente principal de esta metodología es la necesidad de portar las 
barras de escala termográficas, pero este ha sido minimizado con el uso de materiales ligeros y 
de una configuración adaptable (las barras pueden doblarse para facilitar su portaje); la 
simplicidad de la geometría de la fachada en estudio también puede ser un factor limitante para 
la aplicación de esta metodología, motivo por el cual esta tesis incluye la propuesta de más 
metodologías. 
En aquellos casos en los que el espacio disponible para la adquisición no permite la captura de 
toda la fachada en una única imagen, o cuando la complejidad de la geometría empeora los 
resultados de la imagen rectificada, se recomienda la aplicación de los principios 
fotogramétricos de búsqueda de puntos homólogos para la generación de superficies densas. La 
principal ventaja de esta alternativa con respecto de la anterior es que permite la generación de 
varios productos: una nube de puntos con información termográfica y densidad adecuada para la 
realización de acciones posteriores de procesado, un modelo sólido 3D con textura termográfica, 
y sus correspondientes ortotermogramas. Todos ellos pueden ser sometidos a análisis 
energéticos (por ejemplo, cuantificar el calor perdido a través de una pared por conducción) y a 
inspecciones termográficas visuales para la detección de fallos térmicos y otros defectos. 
Además, la adquisición de información es un proceso sencillo dado que sólo implica el uso de 
una cámara termográfica, y de una cámara fotográfica en algunos casos a modo de sensor 
auxiliar. Así mismo, se analizan en esta tesis diferentes alternativas para la extracción de 
elementos de interés y la búsqueda de sus correspondencias en otras imágenes, la orientación de 
imágenes, y el modelado denso de superficies, todos ellos con resultados similares; este hecho 
hace de la alternativa fotogramétrica una alternativa versátil y por tanto aplicable en diferentes 
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condiciones, gracias a que siempre se puede buscar la combinación óptima de procesos para la 
generación del mejor producto geométrico-termográfico para cada caso. 
Por último, se propone una metodología para la fusión de información termográfica con 
información geométrica procedente de una nube de puntos de láser escáner de cara a la 
generación de modelos tridimensionales completos en los que es posible estudiar la realidad del 
edificio completo en lugar de cada fachada por separado. Las principales ventajas de esta 
metodología son, por un lado, su capacidad para representar geometrías muy complejas con 
mayor precisión gracias a las posibilidades técnicas ofrecidas por equipos de escaneado láser; 
por el otro lado, la disponibilidad de información sobre el estado térmico del edificio en su 
totalidad facilita la comprensión de los diferentes fenómenos que tienen lugar, los cuales pueden 
ser erróneamente interpretados y evaluados si sólo se tiene información de las fachadas por 
separado. La principal limitación de esta metodología es el uso de un láser escáner además de la 
cámara termográfica; por esta razón sólo se recomienda la aplicación de esta metodología en 
aquellos casos en los que la inspección incluya el edificio completo y no sólo su fachada 
principal, y en los que la complejidad de la geometría justifique su aplicación. 
Durante el desarrollo de esta tesis, la primera solución presentada para la resolución del 
problema 2D-3D del registro de imágenes termográficas con nube de puntos, la cual requería 
gran interacción por parte del operador, ha evolucionado hacia una metodología más 
automatizada. Esto conlleva la reducción del error de registro principalmente debido a la 
eliminación de la influencia del operador. Además, el procesado para el registro de las 
termografías permite la explotación de los resultados de cara a la segmentación de la nube de 
puntos y la parametrización de su conversión en formato BIM, así como la introducción directa 
del modelo 3D generado en Sistemas Integrales de Gestión en el que la información 
termográfica también pueda ser incluida. El uso de la termografía incluye tanto la aplicación de 
las imágenes como textura, como los valores de temperatura, o más importante, los valores de 
calor perdido obtenidos tras el cálculo del área afectada por cada fallo en el aislamiento, o el 
valor de las propiedades termofísicas de los materiales obtenidos tras un ensayo termográfico 
más específico. 
Finalmente, se puede concluir que la disponibilidad conjunta de información geométrica y 
térmica en el mismo producto presenta importantes avances de cara a la realización de 
auditorías energéticas en estructuras históricas, especialmente en el caso de los edificios, en los 
que el cálculo de las pérdidas de calor y la cuantificación del área afectada por patologías como 
la humedad son de gran importancia para la comprensión del comportamiento térmico del 
edificio y la realización de acciones de rehabilitación energética más eficientes. 
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Las metodologías basadas en la aplicación de principios fotogramétricos para la explotación de 
la información geométrica directamente capturada en las termografías debido a su naturaleza de 
representantes de la realidad han demostrado su validez, especialmente para la generación de 
ortotermografías, siendo más eficientes para el estudio de paredes de manera independiente que 
del edificio en su totalidad, especialmente con respecto del tiempo necesario tanto para la 
adquisición como para el procesado de datos. 
Las metodologías que trabajan en la fusión de datos termográficos con información geométrica 
procedente de técnicas de escaneado láser a través del registro de imágenes con la nube de 
puntos presentan mayor eficiencia para la generación de modelos termográficos 3D, 
especialmente dada la reducción en el tiempo necesario para la adquisición y el procesado en 
comparación con la aplicación de técnicas fotogramétricas. Este hecho tiene especial relevancia 
para la adquisición de datos del edificio completo o de fachadas individuales con geometrías 
muy complejas. Otra ventaja de la fusión de técnicas de láser escáner con termografía es el 
mayor número de aplicaciones del producto resultante con respecto a la introducción de la 
información en Sistemas Integrales de Gestión tales como Modelos de Información de Edificios, 
o BIM.  
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        LÍNEAS FUTURAS 
 
 
 
En esta tesis se proponen, evalúan y validan diferentes metodologías para la explotación 
conjunta de información termográfica y geométrica en edificios. Teniendo en cuenta los 
resultados obtenidos, el trabajo en el futuro se centrará en dos direcciones principales, diferentes 
entre ellas, por haber sido identificadas como necesarias y prometedoras, pero quedar sin 
desarrollar por exceder los objetivos de esta tesis: 
1. Desarrollo de metodologías para la incorporación de ensayos termográficos a la inspección 
del edificio, y procesado automático de datos para el cálculo de las propiedades termofísicas. El 
objetivo de esta línea de investigación es la explotación completa de la información incluida en 
las imágenes termográficas a través del uso de los valores de temperatura para el cálculo de las 
propiedades termofísicas de los materiales y elementos constructivos en estudio, tales como la 
difusividad y la conductividad térmica. Se analizarán diferentes metodologías de ensayo 
buscando el procedimiento óptimo para ser incorporado a la inspección de edificios, así como el 
modelo térmico que más se ajuste a los fenómenos térmicos ocurrentes durante cada ensayo. Se 
desarrollarán asimismo aplicaciones informáticas para la introducción de los valores calculados 
de las propiedades termofísicas como atributos de la entidad constructiva que le corresponda 
(pared, techo, ventana, etc.) dentro del Modelo de Información del Edificio o BIM, de modo que 
la incorporación de información semántica en el BIM se realice de manera automática. 
El uso de termografía infrarroja para el cálculo de las propiedades termofísicas ha sido 
analizado con buenos resultados en especímenes de laboratorio, tal y como fue defendido en el 
trabajo titulado “Análisis termográfico de propiedades térmicas de madera para su uso en 
ventanas” en la Conferencia Internacional Thermosense: Thermal Infrared Applications XXXV, 
celebrado en Maryland (EEUU) en abril de 2013. Sin embargo, su uso en edificios no ha sido 
validado aún, y este paso proporcionará infinidad de ventajas tales como la no necesidad de 
realizar extracciones de muestras del elemento, y la simplicidad del equipo necesario para la 
realización de las medidas. 
2. Extensión de los estudios de termografía 3D desde edificios a áreas pequeñas tales como 
vecindades o poblaciones pequeñas. En este caso, el apoyo geométrico para los estudios es el 
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Modelo Digital del Terreno (MDT) del área; se analizará y evaluará la generación de MDT a 
partir de la información de otros sensores y directamente a partir de las termografías. En el 
primer caso, se estudiará la posibilidad de la integración y sincronización de la cámara 
termográfica con sensores como cámaras RGB y lásers 2D; en el segundo caso, el desarrollo de 
algoritmos específicos llevará a la explotación de la información geométrica contenida en las 
termografías para la representación de la realidad tridimensional de la zona. 
La disponibilidad conjunta de información termográfica y geométrica de grupos pequeños de 
edificios permitirá la detección de islas de calor en ciudades, el análisis de tendencias de uso de 
energía entre vecinos de la misma zona, etc. Además, los estudios termográficos extendidos 
también se incluirán en Sistemas Integrales de Gestión, tales como cityGML, de modo que su 
influencia en la toma de decisiones y la gestión de energía también será válido. 
Una primera aproximación hacia la generación y explotación de MDT termográfico fue 
presentada bajo el título “Termografía aérea desde UAV de bajo coste para la generación de 
modelos digitales de terreno termográficos” en la Conferencia Internacional AITA 2013 
(Avances en Tecnologías y Aplicaciones Infrarrojas), que tuvo lugar en Turín (Italia) en 
septiembre de 2013, donde recibió el premio “Under 35 “Ermanno Grinzato” Paper Award” 
(premio especial para investigadores menores de 35 años “Ermanno Grinzato”). 
 
